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ABSTRACT 
 
Montgomery, Melissa Jo 
M.S.B.E.  
Rose-Hulman Institute of Technology  
January 2015  
Development and validation of a robust, adjustable hippotherapy simulator  
Thesis Advisor: Dr. Renee Rogge 
  
This thesis describes all aspects of development, testing, refinement, and validation of a 
robust, adjustable hippotherapy simulator.  This simulator primarily focuses on physical therapy; 
however, emotional benefits can be realized.  It uniquely innovates on an effective design that 
has only partially been addressed in other simulators.  Using a variable drive for adjustable 
speed, it incorporates reinforcements to increase load capacity along with removable camshafts 
that adjust the throw heights in the device’s simulated hips and shoulders.   
For testing and validation, Qualisys software and motion capture supported analysis of 
the device’s motion paths and speeds.  Riders weighing approximately 135-300 pounds 
successfully ride the device at all throw and loading options, thus permitting a wide range of 
therapy recipients.  After analysis and targeting system improvement, transitioning riders from 
the smaller set of camshafts to the larger results in a 20.2% increase in hip motion magnitude, 
thus facilitating an effective therapeutic platform.     
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1. INTRODUCTION 
 
The purpose of the efforts described in this thesis is to develop a safe, consistent, 
modular, and effective hippotherapy simulator device to simulate riding multiple sized horses 
walking at multiple speeds.  The load capacity for this simulator is targeted at 175 pounds with a 
factor of safety equaling 1.75.  The facets of this design will be described in detail in the 
following sections, as well as validation testing to ensure that the criteria of load capacity, 
multiple throws, and adjustable speeds are met.  Analysis tools used to validate the device 
include Matlab, Qualisys Motion Capture tracking software, Autodesk Inventor Design software, 
Minitab statistical analysis, and R graphing tools.   
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2. BACKGROUND 
 
Subsequent sections describe the mechanical design and validation process to develop a 
modular mechanical hippotherapy simulator.  However, a foundation in the therapeutic history 
and process is helpful for understanding the design requirements and environment for this 
device.    
In discussing hippotherapy and persons riding the simulator, those individuals riding the 
horse or simulator for physical or emotional benefit will be referred to as the students, riders, 
clients, or users interchangeably.  This labeling reflects the common terminology used in the 
field.  Following is a description of the therapy, followed by the predecessor design iterations 
created at Rose-Hulman to meet needs in the field.   
2.1 The Therapy 
 
The hippotherapy treatment strategy focuses on the therapeutic benefits from interactions 
between a rider and a horse [1].  The word “hippotherapy” is of Greek origin, meaning “therapy 
with the assistance of a horse” [2].  While hippotherapy can benefit several physical and 
emotional aspects, the method is generally implemented to improve an individual’s strength, 
control, balance, and posture through the inherently beneficial motions involved with riding a 
horse.  Further, the method can be applied to increase endurance, motor planning, visual and 
tactile recognition, coordination, timing, respiratory control, sensory integration, and 
attentiveness [1].  Conditions that can be treated with this type of therapy include lower 
extremity amputations, cerebral palsy, traumatic brain injury, spinal injury, Down Syndrome, 
deaf and blindness, autism and post-surgery rehabilitation needs.  A number of care 
3 
 
 
organizations and recipients cite benefits from this type of therapy [3,4].  Hippotherapy is 
performed by a licensed professional, as opposed to therapeutic horse riding which does not 
require official licensure [2].   
The common hippotherapy method is to transfer the rhythmic motion of the horse 
walking to the seated rider.  This motion triggers coordination and strength training for the core 
muscles associated with the human’s gait and balance.  Frequently, the rider uses a bareback pad 
rather than a saddle to maximize the range of motion transferred from the horse to rider [5].  
Core and leg strength increases from riding; thus, many riders use the movements developed in 
hippotherapy to re-learn how to walk on their feet with the assistance of a walker [6].  Working 
on horseback allows students to gain balance and control for posture inherent to standing, 
walking, or sitting.  Over time, riders’ proprioception is enhanced in regard to the feeling of 
walking along with conditioning for foot, hand, and head positioning while challenging riders’ 
growth in strength and coordination [7].  This relationship between horses and riders is notably 
apparent in the fact that humans have practiced bareback riding on horses for thousands of years, 
possibly leading to the development of hippotherapy.   
It was mentioned in works by Hippocrates of Greece and Tissot of France.  Hippocrates 
declared horseback riding as a source of “natural exercise”, while Tissot was the first to write 
that the walking gait is most beneficial to humans.  In 1952, Liz Hartel won a silver medal in 
equestrian sports at the Olympics in Helsinki claiming that horse riding supported her recovery 
from polio [6].  As a result, therapeutic riding gained popularity in the United States in the 1960s 
as riding centers were opened in the US, Europe, and Canada.  Due to this popularity and the 
need for standardization and research, the North American Riding for the Handicapped 
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Association (NARHA) was founded in 1969 as a clearinghouse for equine therapy-related 
information and research.  Additionally, the American Hippotherapy Association (AHA) formed 
to sponsor the classes and certification processes for therapists wishing to obtain the 
Hippotherapy Clinical Specialist designation (HPCS) to provide hippotherapy services [6].  
Presently, either the NARHA or AHA are excellent resources for locating HPCS qualified 
therapists and therapy centers.  With the advent of regulatory organizations and growing 
popularity, around 38,000 individuals receive benefit annually from hippotherapy services in the 
United States.  This count is understandable as hippotherapy has been explored as a therapeutic 
option for thousands of years [6].  Despite its use with thousands of individuals, there are still 
shortcomings and opportunities for improvement with the practice.   
Certain difficulties can be associated with conducting hippotherapy.  Logistically, 
instructors can be limited in the therapeutic progress that occurs in a single lesson.  This 
limitation can occur for a number of reasons [7].  For example, there may be multiple students 
during one lesson.  Many times, each student requires five or six volunteers walking beside the 
horse and fifteen minutes to gain his or her balance at the beginning of each lesson.  During this 
time, attention to other students may be delayed due to a lack of available resources or 
volunteers.  Since there is limited time in a lesson, spending many minutes gaining one’s balance 
on a stationary horse takes away valuable therapeutic time that could be gained from 
experiencing the horse’s gait [7]. 
Other factors that could delay therapeutic progress include the following [7]: 
 Inclement weather preventing horses and riders from using outdoor facilities 
 Riders having a fear of horses or heights (as perceived from the horse’s back) 
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 Therapy is dependent on the health and temperament of the horse during the 
session 
 There is a limited control in the regularity of the cadence of the horse’s gait.  
While it will be similar, the horse could sidestep or move unpredictably.   
 In order to alleviate these problems, it was necessary to create a solution that could mimic 
the motion of a horse in a controllable way.  This solution would relieve scheduling conflicts by 
serving as a non-threatening warm-up for students.  It also could be used indoors in all weather 
so that the therapy may continue without interruption at the convenience of both the therapist and 
the rider 
2.2 Iterative Prototype Implementation  
 
While a number of simulators are available for mechanically mimicking a horse’s gait, 
opportunities abound for creating a much more accurate and reliable solution for aligning with 
the mechanics of a horse.  In response to the opportunity for an effective mechanical 
hippotherapy solution, which would provide therapeutic benefits through independent hip 
motion, a series of simulator iterations have occurred.  A timeline in Figure 1 depicts the three 
major design periods that lead to the current simulator solution.   
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Figure 1:  Timeline for iterations of the design, with the times in which simulators were 
used as therapy devices at a therapeutic horse farm indicated in blue, intermediate 
revisions in green, and the release of the current modular simulator design in yellow   
The first prototype mechanical hippotherapy simulator was delivered for use at a 
therapeutic horse farm in May 2013.  The original prototype used mechanics for moving the 
rider’s hips to move in the same manner as a horse’s gait.  A side view of the original prototype 
is shown below in Figure 2.  The device provided a warm-up option for students to use while 
waiting for their time on horse-back; therefore, students could more efficiently use lesson times.  
Using the device permitted quicker acclimation to the natural horse movement, allowing more 
lesson time to be used for moving atop the horse than for gaining balance.  The device also 
served an alternative to on-horse therapy during inclement weather.   
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Figure 2: The original horse simulator prototype as delivered for use at a therapeutic horse 
farm starting in May 2013 
It incorporated a single stepper motor and a series of chains, sprockets, and a drive shaft 
to move cams to create motion.  The simulator consisted of a rib and backbone structure made of 
red oak slid onto a steel pipe.   Atop the rib section was fabric and padding to increase the rider’s 
comfort.   The ribs were interconnected at each side with nylon tubing that allowed a wave-like 
motion to be translated to the rider.  The wave-like motion originated from a set of 4 cams 
rotating underneath ball bearing followers on ribs at each corner of the device.  The shoulders 
and hips were both oblong cam shapes, with the shoulder cams smaller than the hips.  This 
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simulated the different displacement ranges in the shoulders and hips of a real horse.  All 
functional mechanisms of the simulator were mounted to a steel framework.   
This simulator was used primarily with a male with traumatic brain injury and a female 
with cerebral palsy.  In that time, the client with traumatic brain injury improved in full-body 
muscle relaxation, leg alignment and leg muscle relaxation, balance, proper back curvature, and 
core strength.  The second individual diagnosed with cerebral palsy used the simulator during the 
trial period and experienced improved leg alignment, leg muscle relaxation, and reduction in 
muscle spasms.  Additionally, therapy on the simulator improved the two clients’ performances 
on the other therapy methods and exercises at the therapeutic horse farm.  The device was also 
implemented to help persons with Down Syndrome, deaf and blindness, autism, and lower limb 
loss.  Following the trial period, the first simulator was retrieved from the horse farm, and 
diagnostic observation and testing were performed to find and repair damages to the device.  
Examining this simulator led to a series of revisions to the original design, some of which were 
carried to the most recent iteration.  These revisions were necessary to reinforce a weak structure 
supporting the followers as well as to simplify maintenance procedures.  Repairs and 
improvements were made to the original prototype.  The Design and Construction sections of 
this thesis provide a number of other improvements that were made over this earlier prototype 
based on lessons learned. 
The existing rib structure was modified to allow for easier adjustment of ribs, including 
drilling larger access holes and adding hose clamps to prevent the structure from shifting.  
Additionally, the ball bearing followers were replaced by larger, skate-wheel followers to enable 
consistent cam-following.  This strategy removed motion jerkiness and reduced wear on the 
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motor.  Further additions to the rib structure included a set of springs to the front and rear that 
serve as shock absorbers to the device while it is in motion.  User safety was increased by 
enhancing exterior coverage on the device.  Easier to don and doff plywood side pieces were 
added to protect the user from the internal components as well as facilitate quick accessibility to 
the inside.  Additionally, more plywood sections and PVC components were attached to cover 
open areas on the device, thus protecting hands and fingers from entering areas with moving 
parts.  The interior of the device was enhanced with a set of parallel bars along the length with 
rubber stoppers attached acting as hard stops to redirect force from the cams, thus increasing the 
load capacity of the device.  The device was then delivered to the therapeutic horse farm in July 
2014 to be used therapeutically with the same individuals who used the original device in the 
trial period between May 2013 and October 2013.   
While the intermediate prototype device with its improvements was put to use at the 
therapeutic horse farm, the modular prototype device for use as a testing mechanism was 
constructed. Table 1 outlines the primary components in the three iterations, indicating the 
similarities and differences between them.   
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Table 1:  A primary feature listing for the three main iterations of the mechanical 
hippotherapy simulator, as completed at Rose-Hulman Institute of Technology between 
2013 and 2015 
 Simulator 1: Spring 
2013 
Intermediate 
Device for 
Testing 
Modular Simulator 
2015 
Motor Power Type Single phase, 115 V Single phase, 155 
V 
3-phase, 220 V 
Motor Output Speed 96 rpm 96 rpm 1125 rpm 
Speed Step-Down for Cams 3:1 Gear Ratio 3:1 Gear Ratio 60:1 Gear Reducer 
Number of Cams for 
Operation 
4 4 4 
Total Sets of Cams 1 1 2 
Number of Ribs on 
Backbone 
7 regular width, 0 
thick 
6 regular, 2 thick 6 regular, 2 thick 
Reinforced Rib? No Yes Yes 
Speed Adjustability No - 1 Speed No - 1 Speed Yes – 3 + speeds 
Controller No No    Yes, VFD 
Removable Camshafts No No Yes 
Removable Sidewalls No Yes Yes 
Load Testing Rider Peak 
Weight 
157 lb 190 lb 305 lb 
Number of Sprockets 10 10 8 
Cam Materials Used Osage orange 
wood/laminated red 
oak 
Osage Orange 
wood/laminated 
red oak 
Osage orange wood, 
hickory, purpleheart 
wood  
Purpose of Wood Chosen High Compression 
Strength, High 
hardness, Laminated 
oak for increased 
thickness when osage 
orange wood supply 
depleted 
High Compression 
Strength, High 
hardness, 
Laminated oak for 
increased 
thickness when 
osage orange 
wood supply 
depleted 
Osage orange and 
purpleheart wood for 
high compression 
strength, high 
hardness, and pleasing 
aesthetics with gold 
and purple colors; 
hickory = high 
compressive strength 
when osage orange 
and purpleheart 
supplies were 
depleted 
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As the table above demonstrates, the primary improvements established in the intermediate device 
were reinforced, widened rib structures on a backbone structure, as well as removable sidewalls.  
The current modular simulator merges those improvements with a new motor mechanism, gear 
reducer, an extra full set of camshafts offering a second throw option, and a variable frequency 
drive (VFD) to offer speed control.  This device is described in detail in Section 4:  Description of 
Model.   
  
12 
 
 
3. LITERATURE REVIEW 
 
The need for a hippotherapy simulator is prevalent due to the aforementioned benefits 
promoted by the therapy method, as explained in Section 2.1 Background, The Therapy.  
However, there are shortcomings present in the current field of hippotherapy.  There is 
significant opportunity for research and mechanical design to expand this field.  Enabling the 
strengths while addressing the technological gap in hippotherapy spurred the development of the 
Rose-Hulman Institute of Technology simulators, including the final iteration on which this 
thesis is based.  Following is an examination of current literature in the field of hippotherapy, as 
well as the current mechanical solution options available for therapeutic horse farms.   
Currently, there is limited literature in the field of hippotherapy; however, there are broad 
studies of the benefits for treating cerebral palsy and other neurophysiological disabilities [3, 4].  
These benefits cited are as a result of multiple months of weekly hippotherapy sessions.  The 
studies identify possible physiological factors affected by hippotherapy that could contribute to 
therapeutic benefit (such as increasing strength and posture control); however, the magnitude of 
these factors in terms of the body’s displacement and force present are not recorded.  
Additionally, some studies that incorporate “hippotherapy simulators” use simulators that mimic 
the faster, trotting gait of a horse as experienced on a saddle [10].  This is a different fundamental 
motion than the design of the Rose-Hulman spring 2013 simulator mentioned in the previous 
section, with its design foundation on a bareback walking gait.  In the field of equine therapy, 
there is a great deal of qualitative and anecdotal evidence for the benefit of the therapy.  This 
master’s thesis study describes and elucidates a quantitative representation of the movement 
experienced by riders of a simulator designed for hippotherapy applications.   
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As previously stated, a primary benefit to hippotherapy is that it provides riders with a 
therapeutic motion, causing independent motion of the hips as imparted by a walking horse’s 
movement.  This alternating, rhythmic full range of motion for each of the human’s hips helps 
mimic the human gait in a low-impact way.  While there are several types of mechanical horses 
in existence, none successfully impart independent motion in the rider’s hips as effectively as a 
real walking horse does.  Following is a review of current horse-motion solutions.  
3.1 The Equicizer 
 
The Equicizer is a spring-based mechanical horse, shown in Figure 3, designed by a retired 
jockey [11].   
 
Figure 3:  A jockey shown riding the Equicizer [11] 
The Equicizer’s design is based on the model used in jockey lounges at larger race tracks.  
Its primary motion is a forward-to-backward rock, mimicking the movement of a galloping 
horse.  While this works for jockey practice, it does not satisfy the walking gait requirements.  
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The rider does not experience the alternating forward to backward, rolling hip motion provided 
by the motion of a walking horse [11].   
3.2 Amerika 
 
Amerika, shown in Figure 4, is a three-speed electronic mechanical horse that responds to 
leg motion and pressure exerted on the reins [12]   
 
Figure 4:  A jockey riding the Amerika horse simulator [12] 
 
Amerika looks like a horse aesthetically and sports a ‘walking’ speed setting.  However, the 
device walks by rocking the full horse body side to side, rather than causing an alternating, 
independent movement for the rider’s hips [12].  Therefore, the motion provided is not ideal for 
hippotherapy purposes.   
3.3 The iJoyRide 
 
The iJoyRide, shown in Figure 5, is a mechanical ‘saddle seat’ that allows users to tone 
core riding muscles [13].   
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Figure 5:  The iJoyRide machine used by riders to tone muscles simulating and quickly-
moving horse rather than a walking one [13] 
 
The machine is designed to move like a horse so that the rider must balance using the muscles 
used for riding.  However, this design is also unsuitable for hippotherapy sessions, since the 
device moves as a single unit.  The rider’s hips slide and rock forward-to-backward together as 
opposed to an independent rise-and-fall walking motion for both hips [13]. 
3.4 Apparatus for Performing Hippotherapy 
 
The device shown in Figure 6 is patented for therapeutic riding [14].   
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Figure 6: Annotated image for patented hippotherapy device [14] 
 
Shown above is an annotated image of this patented hippotherapy device.  Viewing the 
main shapes without the call-outs, it is a sitting base settled atop springs, pulleys, and hydraulics.  
It simulates movement in three directions; however, the seat moves as one piece in a similar 
trajectory to the iJoyRide machine.  This movement lacks the benefit of the alternating motion 
realized with an actual horse’s gait [14].  
3.5 Training Apparatus for Physical Therapy 
 
The device shown in Figure 7 is also patented for therapeutic riding [15].   
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Figure 7: Patented spring design on each corner of a horse-torso-shaped design [15] 
This solution is a saddle-type seat suspended from four poles by springs and controlled by the 
therapist using an attached t-shaped handle.  The mainly up-and-down motion does not simulate 
the desired alternating hip motion; however, it introduces desirable concepts for the shape of the 
horse torso and backbone.   
3.6 Baylor “Mr. Ed” Mechanical Horse 
 
 A hippotherapy simulator was created by a team of 15 senior design students at Baylor 
University in 2009 [16].  Its aim is recreate the motion of live therapeutic horse provided by a 
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Baylor University professor.  The design is shown below in Figure 8.  It uses an Alternating 
Current (AC) motor to maneuver a planar four-bar linkage and two spherical four-bar linkages to 
restrict 5 degrees of motion.  It includes a motor, gearbox, chain, and sprockets.  It uses a rigid 
wooden saddle shape that is manipulated from underneath it [16].   
 
Figure 8:  The Mr. Ed prototype hippotherapy simulator design is shown in four views 
[16]. 
 
 There are problems with the consistency of motion for this device.  The back spherical 
linkage is prone to misalign while the device is in motion [16].  This misalignment results in 
abrupt stops.  The designers cite possible construction error due to the tight tolerances in the 
design.  The maximum weight capacity for this device is 130 lbs. if the person sits at the front of 
the device instead of the common riding position at the mid-rear of the saddle [16]. 
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 While this design attempts to capture the walking motion of the horse better than the 
aforementioned devices, the Mr. Ed prototype is not prepared for safe use as a therapeutic device 
in a hippotherapy setting.  It cannot support riders in the proper positioning on the device.  
Furthermore, the rigid saddle structure does not mimic the back flexion felt by the rider during 
bareback hippotherapy sessions.   
3.7 Baylor Wild Bill Hippotherapy Simulator 
 
 The Wild Bill prototype is a follow-up design to the 2009 Mr. Ed prototype through 
Baylor University [16].  The device, created in 2011, incorporates the same rigid saddle 
structure, but the internal mechanisms are changed to allow for 6 degrees of movement in a more 
robust way.  The Wild Bill Prototype is shown in Figure 9.   
 
Figure 9:  The Wild Bill prototype is shown.  At right is a close view of the internal 
mechanics [16]. 
20 
 
 
Wild Bill uses a series of 8 cams with 8 cable actuators and center-aligned pulleys to 
create a horse-like motion pattern.  Prior to use, the chains in the device must be retensioned.  It 
is indicated that retensioning requires at least two individuals to complete.  The device has 
promising results in terms of adherence to a horse motion model, based on dimensional analysis 
using two healthy subject riders.  The designer also describes an option for changing cams in the 
device to allow for different motion patterns.  It is unclear whether the multiple cam options have 
been tested or constructed.   
 The Wild Bill device is a promising prototype in terms of motion pattern.  However, the 
rigid saddle structure is still present in this design.  The device has only been used with healthy 
volunteers.  It is more robust than its predecessor.  However, it contains a large number of 
internal components that are sensitive to manual adjustments. 
3.8 Summary and Relation to Rose-Hulman Simulators   
 
In terms of the available hippotherapy simulators, the Wild Bill design best caters to a 
specific horse walking motion model.  However, the Rose-Hulman simulators described in the 
other sections, culminating with the modular hippotherapy simulator, aim for an optimal 
therapeutic use.  While the first simulator used horse motion as an inspiration to create a certain 
movement, its success as an in-use therapeutic device in Summer 2013 prompted an aim to 
provide optimal therapy as opposed to optimally mimicking a horse.  The Rose-Hulman 
hippotherapy systems can each act as long-term therapeutic devices on their own, but they can 
also serve as a gateway for clients who aspire to transfer to a horse as well.   
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4. DESCRIPTION OF THE MODEL  
 
The following section provides an overview of the current design, followed by detailed 
descriptions of the primary components within the device.  The components are discussed by the 
aspects of load capacity, multiple speeds, multiple throws, and safety that are unique and integral 
to this design.  These sections additionally clarify the detailed improvements inherent to the final 
simulator based on all the findings from the previous prototypes. 
 
4.1 Overview of Current Device Design 
 
The following sections describe the design decisions to create a safe, consistent, modular 
hippotherapy simulator device.  This device incorporates the same cam-driven mechanism of 
action as the previously mentioned, original prototype, but it eliminates many of the problems 
with manufacturability, longevity, and maintenance.  A computer-rendered view of the device is 
shown below in Figure 10. 
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Figure 10:  Computer rendering of the modular simulator device 
 
Overall, the device couples a four cam-driven design with a follower attached to a seat 
structure comprised of wood rib-shaped members.  The cams are interchangeable by bolting each 
camshaft set to the frame by pillow block bearings at the ends.  Two sets of cams are designed, 
allowing the user to interchange camshafts for different riding opportunities that simulate the 
throw imparted by two different size horses.  By providing this modular structure for 
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customization, it allows for more flexibility for research while also facilitating the best 
therapeutic configuration for riders.  Multiple speeds are accomplished using a variable 
frequency drive (VFD) and a three phase inverter motor.  Importantly, this device is produced 
with less custom-made parts than previous iterations, allowing for easier reproducibility and 
interfacing with replacement parts.  Overall, the device is designed to have an increased load 
capacity to previous design iterations, multiple speeds, multiple throw options, and appropriate 
safety accommodations.   
4.2 Design:  Load Capacity 
 
The primary load-bearing components in the modular hippotherapy simulator design are 
the wooden ribs supported along a curved steel backbone, suspended on the steel framework.  
Raising this loaded structure in a rhythmic manner requires proper alignment of chain and 
sprockets, as well as follower design.   
4.2.1 Rib Structure 
 
The rib structure is shown in Figure 11.  The backbone structure is showcased with a 
reference view of the whole simulator design in the upper right-hand corner of the figure to 
indicate the component’s location relative to the whole.  This perspective convention will 
continue throughout the section.      
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Figure 11:  Backbone structure for the horse simulator 
 
Another view of the rib structure in Figure 12 shows the steel attachment pieces and the red 
followers more clearly in relation to the steel backbone axis.   
 
 
Figure 12:  Bottom view of the backbone structure, showing the details for the follower 
attachments 
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The rib design differs from the original simulator in that the cross-section at the lowest 
section of the rib is no longer curved.  The two designs are shown in Figure 13 and Figure 14.   
 
 
 
Figure 13: Isometric and front view of the current, flat bottom rib design 
 
 
Figure 14:  The improved rib design as compared to the original 
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Based on the performance in the preliminary load zone testing for the original prototype, 
there were problems with slippage and bending at the interface between the angle steel and the 
sloped underside of the rib.  As a result, the latest design improves on this structure by 
incorporating a flat underside.  A more substantial contact pressure is consequently provided 
between the steel follower connector and the wood in the rib to prevent slip at this interface.  It 
provides greater surface area contact between the wood and the steel. 
 Another rib structure improvement optimized the follower rib thickness.  The first 
simulator prototype performed best when the single-wide ribs were pushed close together.  The 
small bearings that acted as followers accommodated riders and traced the cam best in this 
orientation.   The positioning mimicked a double-wide rib structure with a larger bearing.  Using 
this lesson learned from the first effort, the updated design incorporates a double-wide rib 
structure large enough to accommodate a larger-diameter follower.  The larger follower provides 
the follower with a higher trace point and greater relief from the cam’s surface [19]. 
Lastly, the rib structure design is improved over the first attempt by adopting a 
biomimetic bone structure, as shown in Figure 15.  Angle iron encases the wood portion of the 
rib while attached to the sides and bottom around the bent steel follower attachment pieces.  The 
steel mimics the rigid, shock absorbing periosteum on the outside of bone, while the wood rib 
acts as marrow.  With the majority of the load in the bolt and the bent steel attachment piece 
braced by the angle iron armor, there is less chance of deformation at this site.  This redesign was 
prompted by results of the diagnostic zoned loading tests described in Sections 5.6.2 and 6.2.2.  
As in the original iteration, the 62 mm wheels are directly bolted through the ends of the bent 
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steel angle piece.  The tabs at the ends of the bent steel are 3.25” long to accommodate the larger 
followers.  
 
Figure 15: Isometric and side views of the double thick rib structure, illustrating how the 
followers are attached to the ribs 
 
4.2.2 Rib Height 
 
The rib structure, as indicated in Figure 16, is positioned to allow for the follower to be 
suspended above the cam.  The height setting is low enough to permit the follower to contact the 
cam throughout its entire rotation; however, it is raised high enough to lessen the force on the 
cam as it turns.   
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Figure 16: The upright structure that supports the backbone  
 
4.2.3 Load Redistribution 
 
Preliminary zoned loading testing revealed that certain off-center loads on the rib 
structure pushed the follower to a low point in the cam’s rotation.  As a result, there was 
“jamming” present.  To alleviate this problem, a set of load redistributing stops run the length of 
the updated simulator.  There are rubber stoppers aligned with the hip and shoulder follower 
rails.  They are adjusted to a height that optimally permits the follower to have minimal contact 
with the cam  through the full rotation.  With this adjusted design, it still effectively prevents the 
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followers from pushing lower than this point.  The load redistribution mechanism is shown in 
Figure 17.   
 
Figure 17:  Top view of the load redistribution mechanism 
 
These load redistributors act by lowering and spreading the pivot point for the backbone 
assembly.  It acts by shortening the possible lever arm, directing the maximum tilt of backbone.  
Note the situation in which the backbone is free to tilt on its pivot point on the uprights without 
resting on the cam structure beneath it.  This scenario is shown in Panel A in Figure 18.  Panel B 
adds black triangles to represent the pivot points introduced by the load redistributors.   
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Figure 18:  Images A and B depict pivot point scenarios in which the rib structure is not 
impeded by cam structure below.   
 
The load redistributors are optimized to restrict the greatest tilt angle to the point at which 
the follower contacts the base radius of the cam.  This helps facilitate optimal pressure angles in 
the interaction between the followers and the cam.   
4.2.4 Chain Tensioners 
 
Another problem discovered in the preliminary zone loading test was a periodic popping 
sound and visible chain loosening at each of the rotating cam locations.  One solution to this 
problem was installing chain tensioners between the drive shaft and each of the cams.  The chain 
tensioner is shown on the chain and as a conceptual design in Figure 19.  These devices were 
created by using two blocks of UHMWPE tethered together with slotted flat steel.  The 
UHMWPE blocks were tightened together with concave curves against each side of the chain.  
The chain was free to slide through the tensioner while the device was engaged, but the 
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decreased distance between the strands at the center created a more consistent motion throughout 
the cam rotation.   
      
Figure 19:  Side view of the chain tensioning mechanism and computer rendering depicting 
the chain tensioner design 
 
This more effective method to tension the chains renders the chain tensioning mechanism 
unnecessary in the final modular device.  Rather, the chain tension can be adjusted when one 
attaches a camshaft’s pillow block bearings to the simulator frame.  Backward force is applied to 
the pillow block until the chain reaches the desired tension.  Then, the bolts that secure the 
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pillow block bearing to the frame are tightened, maintaining the level of tension on the chain.  
This adjustability allows the user to make quick modifications to the tension in the chain, also 
accounting for any relaxation that could occur in the chain over time.   
4.2.5 Better Sprocket Alignment on Cams 
 
 
A second measure to reduce slack in the chain is to create a better process for ensuring 
that the sprockets are centered about the axis through the cams.  A side view of a shoulder cam is 
shown in Figure 20 to illustrate the position of the sprocket and axis relative to the cam profile.  
Failure to center the axis through the cam creates a periodic tension and release in the chain.  
This tension and release creates a slapping action against the cams during periods of slack and 
reduces the load capacity for the device.  The process for minimizing slack through centering the 
sprocket on each cam is described in detail in the Methods section.  
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Figure 20:  Side view of the shoulder cam assembly, representative of the sprocket 
arrangement relative to the cam 
 
4.2.6 Increased Follower Size 
 
The followers on the current simulator design are 62 mm outer diameter urethane roller 
skate wheels with a 1.4375” thick rolling surface.  Increasing the follower size from the 1.28125” 
outer diameter bearings on the original simulator to the larger wheels serves two purposes.  The 
first of which provides allowance for less stress in the interface between the cam and the 
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follower, since there is a larger surface area of contact.  The narrow ball bearing followers etched 
a clear pathway into the Osage orange cams in the original device, as shown in Figure 21. 
 
Figure 21:  Indented pathway into the left rear cam as created by the narrow bearing 
during operation 
 
The second purpose for increasing the follower size is that the roller follower is less at risk for 
“jamming” while the device is in use.  The small follower allowed the follower axis to run closer 
to the cam surface.  If the backbone structure became misaligned, the small followers could not 
easily overcome the pressure angle.  This complication caused uneven movement and resulted in 
damage to the follower mechanics under the ribs over time.  The larger followers eliminate these 
concerns in the current design, and are shown as a concept in Figure 22.   
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Figure 22: Detailed view of the large-size follower underneath the double-wide rib 
 
4.2.7 Backbone Design 
 
The backbone on the horse simulator is curved in order to mimic the curvature present in 
a real horse’s anatomy.  A drawing of this curvature is shown below in Figure 23.  This 
geometry encourages the rider to sit on the simulator in the same way they would ride during a 
hippotherapy session with a real horse.  The consistency translates to easier transitions between 
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using a real horse or this simulator.  Additionally, the user sits closer to the rear on this backbone 
than the front; therefore, loading is unequal between the rear and the front camshafts.  This is 
important to note in regard to the testing protocols necessary to evaluate the performance.  A test 
true to the loading pattern imparted by a rider would place greater mass on the back half of the 
device, thus discouraging a uniform loading distribution across all of the ribs.  Uniform loading 
does not readily reflect the simulator’s response to human loading patterns.  
 
Figure 23:  Side view of the backbone shape for the horse simulator 
 
The backbone is created from a bent steel pipe.  This pipe is suspended across two end 
posts on the frame.  With the backbone suspended as such, it prevents the rib structure from 
falling into the turning mechanics inside the device.  The safety facilitated by this design will be 
further discussed in 4.5 Design:  Safety.  Additionally, this suspension distributes much of the 
rider’s load onto the frame itself, directing it away from the camshafts.   
4.3 Design:  Multiple Speeds 
 
 Multiple speed options on the current modular hippotherapy simulator are facilitated by 
use of a variable frequency drive mechanism.  However, crucial to maintaining consistent timing 
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for the desired therapeutic benefits is initial cam orientation to zero the cams, an appropriate 
motor, and efficient cam geometry.  These components are described hereafter.   
4.3.1 Important Speed Variability Consideration:  Timing the Cams 
 
Properly setting the baseline orientation for each of the cams is crucial during camshaft 
installation.  It allows for adequate time intervals to pass between the quadrants raising due to the 
cams’ actions against the backbone.  The cams are timed with a cadence determined using video 
of the walking motion for horses.  In general, the positions (up, down, or even) and duration of 
those positions is shown in Table 2. 
Table 2:  Position and duration data--hips and shoulders during a horse walking gait 
Position 
Duration 
(seconds) 
Right hip up, left hip down, shoulders even 0.24 
Left shoulder up, right shoulder down, hips even 0.36 
Left hip up, right hip down, shoulders even 0.24 
Right shoulder up, left shoulder down, hips even 0.36 
 
This timing scheme can be translated to the counting structure represented in music notes, as 
shown below in Figure 24.   
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Figure 24:  Musical beat depiction of the hip and shoulder motion for a walking horse gait 
 
Based on this scheme, it takes three and one third measures, or 10 “counts” to execute a 
full period for the horse motion.  The hip cams are shown on the bass clef (lower set of lines), 
while the shoulders are on the treble clef (upper set of lines).  The timing procedure assumes a 
scheme where the peak of the motion at a certain location is felt at the start of each of the sets of 
labelled notes.  These notes are read from left to right, showing the order and duration of cam 
action, as defined by Table 2.  The rests represent the delay between the movement of a cam and 
its contralateral shaft counterpart.  Therefore, the shoulder cams each are allotted two counts 
with three counts delay, while the hip cams are given three with two counts of delay.   
In order to arrange the cams’ peak lobes, a 360 degree pathway is considered.  The goal 
of this effort is to correlate the timing and throw characteristics of a real horse’s gait cycle to the 
period required to complete single rotations at each cam axis on the device.  Separating 360 
degrees of cam motion into ten sections results in 36 degree portions.  Allocating two 36 degree 
portions for the shoulder cams and three 36 degree sections to the hip cams determines the 
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angular orientations, as per the timing ratio noted in Table 2.  The model governs the order in 
which the high lobes reach 90 degrees.  The order dictates that the left shoulder moves, then the 
left hip, right shoulder, and right hip.  Each subsequent cam is set at an angle clockwise relative 
to the reference cam.  The orientations for the high lobes on the cams are shown below in Figure 
25.   
 
 
Figure 25: A polar plot showing the baseline orientations of the four cams 
 
The angle for these cams can either be set using a protractor relative to the ground and 
the axle or by offsetting the cams using their sprocket teeth as a reference.  Since each of the 
cams are attached to a sprocket with 22 teeth, the angle between each tooth is 
360
22
= 16.36°.  
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Taking the orientation of the left shoulder cam as the reference point, the left hip is 
108
16.36
=
6.6 𝑡𝑒𝑒𝑡ℎ  offset, which rounds to 7 teeth.  Table 3 lists the required offsets in degrees with the 
corresponding sprocket tooth offsets for each cam.   
Table 3:  Initial cam degree offsets as expressed with tooth offsets on a 4022 sprocket 
Cam  
Desired 
Angle 
Tooth CW 
Offset 
Left Shoulder 0 0 
Left Hip 108 7 
Right Shoulder 180 11 
Right Hip 288 18 
 
Offsetting the cams by the appropriate number of teeth clockwise relative to the left 
shoulder reference cam ensures that the cams hit their peaks in the appropriate order when the 
system turns counterclockwise.   
4.3.2 Variable Frequency Drive  
 
 The design implements a GS1 Series variable frequency drive (VFD) from Automation 
Direct, shown in Figure 26.   
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Figure 26:  The GS1 VFD used to control the modular simulator 
 
The VFD’s position on the device is shown in Figure 27.  
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Figure 27:  In the foreground is the location of the VFD controller on the device 
 
In alignment with best practices, the design uses the VFD as it is the most commonly-
used industrial motor controller [20].  The variable frequency drive adjusts the speed of three-
phase motors by supplying appropriate voltage and frequency components.  In this case, the VFD 
converts 110 V, single phase power to 220 V, three phase power to supply an inverter-duty 
motor [21].  Additionally, the VFD serves as a means to turn the horse simulator’s motor on and 
off during regular use.  However, a secondary mechanism has been included as a necessary 
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solution for disconnecting power to the device in the event of an emergency situation.  Cutting 
the power in emergency will cause the mechanics on the simulator to quickly cease movement.  
This strategy is ideal if the rider is in danger of being pinched by the internal mechanics in the 
simulator, or if the rider has lost balance.  However, it is important to avoid routine use of the 
emergency stop button to cease power to the VFD while the simulator is running, as damage to 
the VFD can result over time.   
 There are numerous benefits associated with the VFD in application with the horse 
simulator device.  The VFD accommodates a three-phase motor in this application without 
requiring the end user’s facilities to have a ready supply of 220 V, three phase power.  Rather, 
the VFD device is conveniently attached to the side of the simulator to convert the standard wall 
power to the appropriate power for the motor.  Additionally, the VFD permits speed adjustment 
with a potentiometer knob on the front of the device.  There is a range of adjustment inherent to 
this mechanism from 0 Hz to 60 Hz with a resolution of 28.75 rpm/Hz, allowing for a wide range 
of speed adjustment in the horse simulator.   
A VFD with an inverter-duty motor can be used to consistently supply appropriate torque 
for the application [21].  The VFD can maintain the torque due to its association with the 
inverter-duty motor.  Inverter-duty motors are designed for a larger range of constant-torque 
speeds than general-purpose motors.  Certain inverter-duty motors can attain full-torque from 
zero-speed to its full base speed as safely controlled by a VFD.      
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4.3.3 ¼ hp 3 phase inverter motor 
 
 A ¼ hp, three phase inverter motor is coupled with a 60:1 gear reducer to turn the cams 
that create the device’s horse walking motion, as shown in Figure 28.  The ¼ horsepower motor 
provides sufficient power to turn the cams in either loaded or unloaded states.  Furthermore, 
three-phase motors oftentimes require less initial expense with higher availability than a single-
phase 110V/115V motor.  The 56C frame on the motor fits easily into the framework in the 
device, permitting sufficient space to safely accommodate the camshafts and chains.  The three 
phase motor also operates quietly, promoting a more appeasing environment for riders.   
                  
 
Figure 28:  A view of the motor in conjunction with the gear reducers and drive shaft 
necessary to power the simulator.  The geometry for the motor is shown at right. 
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4.3.4 Better Cam Design for Easier Following 
 
The zoned loading test, as well as the uniformly distributed load test, demonstrated that 
there was interference present at the cams acting as the shoulders of the device.  Consequently, 
the shoulder cam was redesigned in order to incorporate a better pressure angle for the cam, as 
described previously [19].  Additionally, different cam materials are chosen for the modular 
hippotherapy simulator due to their suitability as cams and availability as donated sample 
materials.  Purpleheart wood is cut to form the standard size shoulder cams.  It is a hardwood 
with a Janka hardness of 2,520 lbf and a crushing strength of 12,140 psi [17].  The remaining hip 
and shoulder cams are made using shagbark hickory wood.  This wood has a Janka hardness of 
1,880 lbf and a crushing strength of 9,210 psi.  The two wood types exhibit desirable 
compression qualities [18].  Purpleheart and hickory cams are shown in Figure 29. 
 
Figure 29: Undrilled full-scale shoulder and rear cams without sprockets attached 
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 A proper path for the follower is critical to prevent increased pressure at the cam 
interface and jamming.  The cam structure design increases the possible load capacity and 
consistent quality of simulator rides. 
4.4 Design:  Multiple Throws 
 
The primary components that create multiple throw options in this device are 
interchangeable camshafts with different size cams mounted to them.  The camshafts in this 
design allow for flexibility in hippotherapy provided to riders.  A therapeutic horse farm 
incorporates a variety of sizes of horses into therapy plans; likewise, the hippotherapy simulator 
can be equipped with different throws to provide a variety of therapy levels.  In addition to the 
therapeutic benefits, removable camshafts increase the ease of maintenance to the device over 
time.   Currently, there are sufficient camshafts to simulate two different horse sizes.  Following 
is a detailed description of the camshafts.    
4.4.1 Camshafts 
 
A representation of camshafts relative to the chain and drive sprockets is shown in 
Figure 30 .  
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Figure 30:  Shown above are the standard size camshafts with the shoulder shaft at right 
and the hip at left.  The chain and corresponding driveshaft sprockets are shown for 
reference 
There are two size classes of interchangeable camshafts in this device.  The following 
describes the similarities and differences between these two types.   
All of the camshafts have a 16” long shaft with a diameter of 0.75”, a 22-tooth sprocket 
for #40 chain centered about this shaft, and a consistent “neutral” diameter, or base radius, for 
the sides of the cams.  Maintaining these aspects consistently between the different throw 
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camshafts is advantageous.  The uniformity permits the same lengths of chain to be used to 
connect a specific cam with its corresponding sprocket on the drive shaft.  An advantage of 
consistent 0.75” shafts for all of the cam sizes ensures that flexion does not occur at any loading 
while the device is in motion.  The higher throw and lower throw cams are unable to deform the 
rod.  Always affixing the individual cams with a 22 tooth sprocket for #40 chain keeps the 
camshaft components at a 1:1 gear ratio with the sprockets on the drive shaft; therefore, the 
speed of cam rotation is not affected by switching camshafts.   
Incorporating a consistent chain length provides multiple benefits.  First, it reduces the time 
required for the end user to install different camshafts.  The client may simply disconnect the 
existing chain at the master link, remove the original camshaft, bolt the new camshaft to the 
device, wrap the existing chain around the sprocket on the new cam, and reattach the master link.  
Without reusing the chain, the client would need to store 8 unique chains for the shafts, and 
determining the correct chain length for the cam of interest would increase installation times.  
Reusing the same chain reduces the number of materials necessary to manufacture the device, 
thereby reducing the device’s monetary cost.  At a cost of approximately $19.99 for 10 feet of 
roller chain and around 2.5 feet of chain at each cam position, reusing the chain presents a 
savings of about $5.00 per cam on each shaft.  Finally, maintaining only one chain for each of 
the cam positions reduces the possibility of misuse of the device by installing the wrong size 
chain at a certain position, which would introduce undue slack or misalignment in the chain. 
Using a 0.75” shaft in each of the camshaft designs rather than catering the shaft size to the 
forces seen by each cam class is beneficial.  First, maintaining the shaft size maintains a uniform 
distance between the camshaft and the drive shaft between installations.  This strategy further 
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permits the use of uniform chaining at cam positions within the device to reap the 
aforementioned benefits.  Importantly, always using 0.75” diameter shaft prevents possible cases 
of the shaft bending when the device is in use, either due to the forces introduced by the chain at 
the sprockets or the person riding the device.  
The consistent sprocket selection between the camshafts preserves a 1:1 gear ratio between 
the cams and the driveshaft.  It is crucial for the device to have consistent speed characteristics 
between shafts, as it reduces complication for the client and risk to the rider.  Based on the 
commercially available sprocket sizes, there would be a difference in speed resulting from 
changing the teeth ratio by using different sprocket sizes, based on the equation: 
                                                                                           ( 1 ) 
where A represents the drive sprocket, B is the cam sprocket, 𝜔 is the angular velocity, and N is 
the number of teeth on the sprocket.  If the number of teeth on the drive sprocket remains 22, and 
the angular velocity imparted by the motor is 32 rpm, then the angular velocity for the cam 
sprockets with between 10 and 30 teeth are shown below in Table 4.    
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Table 4:  The resultant angular velocity for a range of toothed sprockets at the cam shafts 
Number of 
Teeth 
SPEED 
(rpm)  
Number of 
Teeth 
SPEED 
(rpm) 
10 70.40  21 33.52 
11 64.00  22 32.00 
12 58.67  23 30.61 
13 54.15  24 29.33 
14 50.29  25 28.16 
15 46.93  26 27.08 
16 44.00  27 26.07 
17 41.41  28 25.14 
18 39.11  29 24.28 
19 37.05  30 23.47 
20 35.20    
     
     
Using equation 1, the resultant angular velocity for a range of toothed sprockets at the 
cam shaft is shown.  A drive shaft angular velocity is assumed to be 32 rpm with a 22 tooth 
sprocket.  
The primary difference between the two camshaft classes are the heights of the primary 
axis lobes on each of the cams.  The primary axis lobes provide a throw height relative to the 
cam’s base radius.  All of the camshafts incorporate the same base radii on their cams, but one 
class of cams has primary axes that are 75% scale relative to the other.  Therefore, the neutral 
axis is the same between the front and rear camshafts regardless of the shafts that are installed, 
providing uniform neutral alignment for the device.  Furthermore, the rider can more easily 
perceive a clear rise and fall motion at each cam zone, regardless of the class of shaft.  The client 
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can differentiate between the classes of camshaft quickly by comparing the high lobe heights. 
Another consideration in designing cams with different height lobes is maintaining a pressure 
angle (gamma) of less than 30 degrees and radius of curvature above 1.429 inches.  This 
configuration ensures a smooth motion path for each ride.  Only changing the lobe height 
decreases the number of variables that are manipulated between cam redesigns to increase speed 
of design and parameter calculation [19].   Maintaining the neutral side dimension ensures that 
the rib structure does not need to be realigned with each new camshaft installation.  The slope of 
the backbone relative to the ground is therefore standardized between camshaft types.  This 
strategy prevents the device from being improperly tipped toward the front or rear due to a 
higher or lower neutral cam position.  Furthermore, it is easier for the end user to discern the 
difference between shafts with larger or smaller throws on the cams, since they can observe the 
length of their highest lobes and ignore width.    
Modifying the two primary lobes on the cams rather than completely redesigning the 
geometry is another design advantage, as it ensures that the motion path is always proportional to 
the raising and lowering pattern of the original device.  The paths are all based on the behavior 
demonstrated from studying detailed videos of the motion of walking horses’ hips and shoulders, 
as shown in Figure 31.  This pattern was therapeutically successful in original user testing for 
the spring 2013 prototype.  Furthermore, frequent horse riders who tested the device indicated a 
discernable similarity in the simulator to the sensation of riding a real horse.    
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Figure 31: A model of the motion path from a video of horse motion for the right shoulder 
and hip on a walking horse 
 
The throws for the original cams are derived from the motion paths in the above figure.  
The blue line represents the horse’s shoulder path.  Based on the diagram, it appears that the 
position periodically dips below a neutral position by 1 inch, returns to the neutral, raises 1.5 
inches above the neutral, then dwells again at neutral.  Meanwhile, the horse’s hips tend to raise 
about 2 inches above neutral, return to neutral, and raise to around 1.75” above neutral before 
dwelling at neutral again.  To follow this pattern, the cams in this horse simulator are open cams 
that follow a stationary, dwell-rise-dwell scheme [19].  The device incorporates a single 
translating, roller follower with an on-center line of motion at each of the shoulder and hip 
locations.  Initially, the design for the device was created by designing one of the lobes of the hip 
cams to the throw values present in the video data graph.  However, the magnitude of those 
throws was reduced slightly to lessen the intensity of the motion, based on client feedback.  The 
high lobe of the rear cams matches the 2 inch throw on the video data, while the second lobe 
after the dwell stage is lowered to 1 inch rather than two to allow for the rider to recouperate 
between high throws and maintain proper cam timing.  The second full set of cams is designed to 
be 75% of the original height.  The values used for the cam sets is shown below in Table 5.   
(8.00)
(6.00)
(4.00)
(2.00)
0.00
2.00
0 0.5 1 1.5 2 2.5 Right Front
Right Rear
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Table 5: Magnitude for the primary axis lobe heights on each camshaft 
Cam 
Design Front Rear 
 Top Bottom Top Bottom 
Standard 1.25" -0.5" 2" 1" 
75% Set 1.125" -0.375" 1.5" 0.75" 
 
Contact is maintained between the followers and cams by a gravity constraint, due to the 
weight of the follower and rib structure.  The pressure angle is designed to be greater than 30 
degrees and the radius of curvature for the cam is no less than 1.429 inches, as dictated by 
standards [19].  The pressure angle for a cam is shown in Figure 32.   
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Figure 32:  A diagram from the Cam Design and Manufacturing Handbook depicting the 
primary terminology associated with cam profile design [22] 
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Cams with primary lobes at a certain amplitude can be designed using displacement 
diagrams, and their velocity and acceleration at any time during the rotation can be derived from 
the displacement diagrams.  Example diagrams for this simulator’s cams are shown in Figure 33, 
Figure 34, Figure 35, and Figure 36. 
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Figure 33: Displacement, velocity, and acceleration diagrams for the 75% shoulder cam 
design 
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Figure 34: Calculation parameters and visual depiction of the 75% shoulder cam 
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Figure 35: Displacement, velocity, and acceleration diagrams for the 75% hip cam design 
  
59 
 
 
 
Figure 36: Calculation parameters and visual depiction of the 75% hip cams 
 
The minimum thickness for the cams is assessed based on the in-use observed pathway 
on the rear cams from the first prototype device.  The pathway was etched into the Osage orange 
wood by the follower bearing during its five months of use.  The cam surface exhibited a 
sinusoidal pathway with a peak to peak amplitude of about 2.75 inches.  This pathway is visible 
in Figure 37.   
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Figure 37: The follower path etched as a black curve into the cam by the bearing follower 
 
Observing the pathway etched in the original simulator is helpful to measuring the 
necessary width for the new cams in the intermediate and current devices.  The peak to peak 
amplitude of 2.75” is the driver for the cam width dimension of 3” in the simulators.  This width 
ensures that the follower motion can maintain cam contact throughout the rotation period.   
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4.5 Design: Safety 
 
A critical part of the design is ensuring safety for riders and operators while maintaining 
therapeutic efficacy.  Therefore, measures are taken to ensure that the user is protected by the 
design.  The following primary design aspects promote user and operator safety.   
4.5.1 Backbone design 
 
 
The backbone is supported at the ends resting against the frame of the device, as shown 
in Figure 38.  In the event of an emergency concerning the internal mechanics of the device, the 
user remains suspended safely on the end supports.  This suspension prevents the device from 
suddenly propelling the rider forward, backward, or into the internal cavity in the event of a 
catastrophic failure.    
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Figure 38:  The backbone orientation atop the end supports  
 
4.5.2 Removable Sidewall Panels 
 
The sidewall panels, shown in Figure 39, prevent the rider’s feet and legs from entering 
the device’s internal cavity during use.  They rigidly attach to the sides of the device, guided at 
the bottom by an aluminum track to facilitate alignment.  These sides are secured at the top with 
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two large knobs.  Additional permanent coverings prevent appendage insertion into the ends of 
the device’s frame or between the rib structure and the frame on the perimeter.   
 
Figure 39:  The safety panels for the device are shown with the remaining simulator 
components removed 
4.5.3 Emergency Stop Button 
 
A large red emergency stop mechanism is installed in line between the VFD and 110 V 
power line, as shown in Figure 40.  Power going to the VFD can be immediately cut by pushing 
the button in the case of a rider emergency or malfunction concerning the VFD device.  The 
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device must not be regularly turned off with the emergency button, however, as suddenly cutting 
power to the VFD while it supplies voltage to the motor will damage it over time [20].   
 
Figure 40:  In the foreground is the location of the emergency stop button on the device 
 
4.5.4 Blanket Covering 
 
 A thick blanket covers the rib structure in order to prevent possible pinching hazards to 
the rider at locations between and below each of the ribs.  It is designed as a heavy, dual layer 
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blanket with cotton batting to the inside.  The inner nylon layer closest to the rib structure is 
puncture-resistant and can be cleaned with a damp cloth.  The external layer is designed to be 
either nylon or a heavy fabric to keep the blanket durable, machine washable, and non-abrasive 
to the skin.    
4.5.5 Variable Frequency Drive (VFD) 
 
 
 Speed adjustability allows riders of different skill levels to use the device.  Students can 
practice at lower speed levels until they are comfortable enough to raise the speed.  Providing 
this functionality is an advantage for therapists to provide students with progressive levels of 
therapy.     
4.5.6 Multiple Throws 
 
 
 Multiple throws accommodate users of different skill levels or flexibility as needed.  
Operators have two different options for throw heights to best suit the riders for therapy.   One 
option is the “standard” camshaft that results in a designed throw of 2” at the rear and 1.25” at 
the front of the device.  The second option is the smaller set of 75% camshafts, which are 
designed to transmit 1.25” and 1.125” throws at the rear and front of the simulator, respectively.   
4.5.7 Removable Handlebar 
 
 
 A removable handlebar assists riders mounting and dismounting the device.  In initial 
testing with the device, riders frequently grabbed the front section of the device while mounting 
the simulator.  After learning this frequent practice, the latest design iteration includes an 
intentional handle on the front section to prevent injuries or damage to the device, as shown in 
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Figure 41.  The handlebar slides over the upright structure on the frame to rest in a catch piece.  
Once the handlebar is secured, it is pinned into a hole in the upright section.  The handlebar’s 
motion is consequently restricted to help the rider safely board the device.  The handle can be 
removed while the simulator is in use so that the rider does not rely on the bar for balance, which 
could reduce therapeutic benefits [7].   
 
Figure 41:  The removable handlebars are shown in their position on the device   
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5 METHODS 
 
5.1 Overview 
 
This device incorporates the same cam-driven mechanism of action, but it eliminates 
many of the problems with manufacturability, longevity, and maintenance that were present with 
its predecessor prototypes.   It has a modular structure, with all shafts mounted on pillow block 
bearings.  The structure is a better prototype for reliable testing as the device allows cam shape 
interchange in order to determine and test the correct mechanism of action for reliable, consistent 
ride patterns.  The frame for this device is also slightly longer, allowing for better access to the 
interior for manufacturing and test fixture purposes.  Importantly, this device is produced with 
less custom-made parts, allowing for easier reproducibility and interfacing with replacement 
parts.  With this device constructed and mechanically tested for load capacity, rate reliability, 
and throw heights to satisfy thesis requirements, it is capable of use as a therapeutic device at the 
therapeutic horse farm concurrently with the fully-functional intermediate prototype device.  
Following is a description of the construction processes used to create the modular hippotherapy 
simulator’s components.   
5.2 Construction:  Load Capacity 
 
5.2.1 Rib structure  
 
The rib structure is cut from Osage orange wood.  This timber has an aesthetically 
pleasing golden orange color.  As the wood dries over time, the wood changes color to a darker 
medium brown while maintaining a natural luster [23].  Importantly for the simulator, this type 
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of wood exhibits a high crushing strength (9,380 psi) to hold the follower structure while being 
compressed between the cam and rider over time.   
Individual ribs are cut against a template using a slow feed through a vertical band saw.  
Since Osage orange is an extremely hard wood (Janka hardness 2760 lbf), it is necessary to feed 
the work piece through the blade at a low feed rate [23].  The through holes for the backbone and 
side rubber tubes are drilled on a drill press with Forstner bits leaving 1/64” additional clearance 
for ease of assembly.  The ribs are finished with sanded edges in order to create a smoother 
interface for riders and remove danger of splinters.    
5.2.2 Rib Height 
 
The rib height is controlled by adjusting the height at which the support cross member is 
bolted to the uprights at each end of the device.  In practice, the height is set once the ribs and 
followers are positioned in the desired positions on the backbone.  Then, the height is such that 
the followers can at least lightly touch each of the cams when they are at their lowest throw 
point.  Once this point is reached, two bolts are tightened on each cross member to hold the 
position.   
5.2.3 Load Redistribution 
 
The load redistribution pieces are created from 12 gauge perforated angle steel running 
the length of the device between the uprights at each end of the device.  These pieces are cut to 
length using a horizontal band saw.  They are attached using a bolt and a spacer between the 
angle and the upright.  This orientation helps prevent rotation in the member over time.  The 
stopper pieces are positioned underneath the follower ribs and each assembled using washers, a 
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bolt, a rubber stopper, and a lock nut.  These bolts adjust to the proper height based on the 
position of the rib structure.  The bolts are circled in white in Figure 42. 
 
Figure 42:  The load redistribution mechanism as seen from below the rib structure while 
the right shoulder cam is at its peak.  The stopper bolts are circled.  
5.2.4 Chain Tensioners 
 
The chain tensioners are created using two blocks of UHMWPE tethered together with 
slotted flat steel, as shown in Figure 43.  The UHMWPE blocks tighten together with concave 
curves against each side of the chain.  The chain is free to slide through the tensioner while the 
device is on, but the decreased distance between the strands at the center creates a more 
consistent motion throughout the cam rotation. 
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Figure 43:  Side view of the chain tensioning mechanism 
 
5.2.5 Better Sprocket Alignment 
 
The cam is constructed by gluing a cutout of the cross-section face of the cam directly to 
the wood.  The pivot point is pressed into the cam through the template.  The 4022 sprocket that 
is attached to the cam is predrilled with three 7/64” holes to allow clearance for ¼” bolts.  The 
4022 sprocket has an inner diameter of 2 inches.  Therefore, a 2” Forstner bit is used to drill a 
shallow locator hole in the cam centered on the cam’s pivot point.  The shallow locator hole is 
shown on a fully-drilled cam without the sprocket attached in Figure 44.   
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Figure 44:  Profile view of the cam with the sprocket guide holes drilled and the Forstner 
locator indentation 
The Forstner bit rests in the locator hole as a locator hole over which the 4022 sprocket is 
slipped, as shown in Figure 45.  A single ¼” hole is drilled through the entirety of the cam, then 
a ¼” bolt is dropped into the hole as a guide bolt.  The second hole is drilled through the cam and 
another guide bolt is dropped into the hole.  Maintaining alignment allows the third hole to be 
drilled through the cam in the appropriate orientation.   
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Figure 45:  Cam profile view with the Forstner bit inside the sprocket as a locator core 
The sprocket is set aside in the appropriate orientation.  The 2” Forstner bit is removed, 
allowing for a 1” Forstner bit to be aligned on the previous locator to drill the hole for the axle.  
This process is repeatable and results in a consistently centered sprocket on the cam, reducing 
slack and popping in the chain.  The finished assembly is shown in Figure 46.   
 
Figure 46:  Completed shoulder cam assembly 
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5.2.6 Increased Follower Size 
 
A large follower is made using a 62-mm roller skate wheel attached to the angled follower 
interface with a 5/16’ bolt as an axle.  It is secured with washers and a lock nut.  The wheel free-
turns on its ABEC-5 bearings.  The assembly is shown in Figure 47.   
 
Figure 47:  Bottom view of the reinforced rib and follower assembly 
 
5.2.7 Backbone Design 
 
The backbone is constructed based on a full-size template drawing.  A steel gas pipe with 
a 1” OD is bent to the template shape using a blow torch for the tight bend and application of a 
2.5-ton rolling force to make the gradual bend.  The result is shown in Figure 48. 
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Figure 48:  A side view of the bent backbone structure is shown as constructed with the 
ribs attached 
5.3 Design and Construction: Multiple Speeds 
 
 Multiple speeds are implemented in the device per the design specifications using a VFD 
and a 3 phase inverter motor.  The specifics of the construction are described hereafter.   
5.3.1 Important Speed Variability Considerations:  Timing the Cams 
 
  The cams are timed in terms of angular position relative to each other.  Timing is most 
easily accomplished using two people for installation or a series of clamps to ensure that the 
cams do not move while chain is being attached or broken.  The primary timing method begins 
with setting a single cam.  As an example for illustrating this configuration, assume the left hip is 
the first cam set.  It is oriented vertically with the high lobe facing upward, then the #40 chain 
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wraps around the cam sprocket and corresponding sprocket aligned on the driveshaft.  The round 
portion on the master link is affixed against the direction of travel for the chain [24].  The right 
hip is then set 180 degrees offset from the left one, such that the high lobe faces directly 
downward.  The other cams are oriented based on those in the rear with the degree offsets 
denoted in section 4.3.1.  Once all of the chains are linked around cams with the proper 
orientations, the tension in the chain can be adjusted by sliding the camshaft pillow block 
bearings in their bolt hole attachments and tightening them to the frame.  
 
5.3.2 Variable Frequency Drive (VFD) 
 
Incorporating a variable speed option into the hippotherapy simulator allows for more 
versatile therapy options.  Furthermore, it supports safety, allowing the therapist to adjust the 
speed for alignment with the rider’s comfort and progress level.  Permitting this adjustability 
provides a personalization option to the simulator.   
Speed adjustability is accomplished using a VFD to control a three phase motor.  The 
VFD allows the important translation of 110 V standard single phase wall power to the 220 V, 
three-phase power necessary to power the motor.  The VFD is shown relative to the rear wall on 
the simulator in Figure 49.   
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Figure 49:  An end view of the constructed modular simulator shows the orientation of the 
red emergency stop button (at left) beside the VFD encased in a protective grey box (at 
right) 
The VFD is linked to the motor using 14 gauge stranded wire.  There are 3 colored 
insulated wires and a green ground.  The wire attachments are adjusted such that the motor turns 
CCW, leading to the cams rotating from the front to the back of the device.  Flexible aluminum 
conduit protects the wires as they trace through the frame between the VFD and the motor.  The 
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VFD unit is installed within a plastic electrical box with a fan on the top and venting at the 
bottom.  This plastic electrical box is enclosed to prevent dust that could be present in the 
simulator’s end use environment.  The aforementioned conduit is secured by an adaptor piece 
that goes through the lateral face of the electrical box.  Consequently, the wire is prevented from 
being dislodged while the simulator is in use or being transported.  It also protects the conduit’s 
interior from dust, since the open ends are secured within the electrical box or the motor.   
5.3.3 ¼ hp 3 phase inverter motor 
 
 
 A ¼ horsepower, 3 phase inverter motor is bolted to the frame at the bottom-most level.  
It rests on rubber washers in order to help level the motor as well as reduce vibrations through 
the frame.  The motor is aligned with the 60:1 gear reducer.  The 5/8” motor shaft is linked with 
the 40 mm shaft out of the gear reducer using a set of spider couplings.   
5.3.4 Better Cam Design for Easier Following 
 
 
The cams are constructed using impact-resistant, high compression strength wood.  One 
camshaft of the 75% scale cams is constructed using purpleheart wood.  The standard size 
camshafts are made of hickory, and the 75% hip camshaft is produced using Osage orange.  The 
three types of wood are chosen for their availability as well as to determine in-use efficacy of 
these different types of wood.   
All cams are cut using a slow feed through a vertical band saw using a printed template 
glued to the wood.  The slow feed is especially necessary for machining purpleheart wood, as it 
is known to exude a sticky resin that jams cutting tools [17].  The through holes for the shaft are 
drilled using a Forstner bit in a drill press against the template.   
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5.4 Construction and Design: Multiple Throws 
 
5.4.1 Camshafts 
 
This design incorporates modular camshaft assemblies each comprised of a 0.75” shaft, 2 
wood cams attached to 4022 sprockets, 4 shaft collars to keep the cams aligned, and a 0.75” ID 
pillow block bearing on each end of the shaft with spacers through which the camshaft is 
attached to the metal structure, as shown in Figure 50.  The shafts are replaced by first unlocking 
the chain to each of the cams at the master links.  Then, the pillow blocks release from the 
horizontal metal supports by removing each of the two bolts that secure them to the device.   
 
Figure 50:  View of the 75% scale shoulder camshaft 
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5.5 Construction:  Safety 
 
5.5.1 Backbone design 
 
 
The end caps are 5” PVC pipe caps to help prevent finger pinches in the space between 
the backbone and the cross members on each end of the device.  A dowel rod is inserted in the 
backbone ends, and a perpendicular screw through the pipe secures the rod in place.  Then, the 
PVC cap is drilled on center and secured through the end of the dowel rod.  The cap overlaps the 
gap in the end wood pieces, adequately preventing users from access.   
5.5.2 Removable Sidewall Panels 
 
 
 Plywood with a thickness of 0.5” is used as the sidewall panels for the simulator.  The 
exterior sides are stained with lacquer for aesthetics and to give moisture resistance for the wood.  
Wood spacers are permanently attached at the two ends of each plywood side panel to ensure 
that the sidewalls do not interfere with the shafts protruding slightly from the device’s sides.  An 
aluminum track for 0.5” plywood is cut to length using a horizontal band saw and attached to the 
frame using two brackets and short machine screws.  Attachment holes are hand-drilled, and a 
bolt is permanently affixed to the frame in desired attachment locations.  A daisy-shaped knob 
secures the sidewalls to the device.  The walls are shown below in Figure 51. 
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Figure 51: One of the two removable side panels is shown attached to the simulator at left 
and detached at right. 
 
5.5.3. Emergency Stop Button 
 
 
 The emergency stop button is screwed to the plywood end piece at the front of the device.  
It is housed within a plastic electrical box and wired through access panels in that box.  Stranded 
14 gauge wire passes between the VFD and the emergency stop button, then from the emergency 
stop button into the plug that goes in a 110V, single phase residential outlet.   
5.5.4 Blanket Covering 
 
 
 The blanket covering is comprised of a layer of thick upholstery fabric, nylon, and cotton 
batting.  The layers of the blanket are pinned and folded such that seams are at least 2 inches 
from the blanket’s edges.  An upholstery needle is used with a heavy sewing machine to sew the 
layers of fabric together into a 38” x 26” blanket to cover the rib structure and sides of the 
device.   
81 
 
 
5.5.5 Variable Frequency Drive (VFD) 
 
 
The VFD is affixed at a position on the plywood end piece at the rear of the device that 
prevents riders from easily accidentally accessing it, while permitting convenient access to 
operators.  The attachment is rigid at the ends such that the electrical box housing can withstand 
some impacts in transport or device use.  During installation, basic ergonomics were assessed to 
ensure that the VFD is at an appropriate height for operation.   
5.5.6 Multiple Throws 
 
 
The peak speed programmed into the VFD corresponds to the speed used in the user-
tested original simulator prototype.  This peak speed is 28.75 RPM.  The remaining possible 
speed settings are all slower than or equal to that speed, ensuring that no possible speeds could 
be prohibitively fast for the simulator during use.  The speeds are programmed using button 
commands dictated by the VFD manufacturer’s guidelines.   
5.5.7 Removable Handlebar 
 
 
The removable handlebar is constructed by bending a length of 14 gauge steel using a 
hammer and an anvil.  A length of aluminum pipe is screwed to the angle.  Rubber handle pieces 
are heated in moderately warm water and slid onto the aluminum pipe.  The handlebar attaches 
to the device at the front uprights by inserting in an internal guide and a pin through a set of 
perforated holes.  The handlebar is shown attached to the simulator in Figure 52.  
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Figure 52:  The removable handlebar mechanism 
 
5.6 Testing 
 
 
Initial troubleshooting occurred directly after retrieving the original prototype from the 
therapeutic horse farm in October 2013.  Static visual inspection was made as well as a 
preliminary zoned loading test to target mechanical problems with the device.  Targeted 
improvement areas to the original device included reliability, load capacity, and safety.  Once 
improvements were made, as mentioned in the section above, a load test was executed for the 
device.   
The test applied uniformly distributed loads up to 120 lbs to determine load 
performance.  This loading pattern did not mimic that of a human rider, as riders’ weight is 
distributed primarily in the rear third of the rib structure.  Furthermore, riders counterbalance 
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with the simulator motion, providing a dynamic load.  However, the uniform loading test used 
simple-to-control masses and tested the integrity for the shoulder cams in a way that riders would 
not.  As such, the test sparked a necessary modification to the “shoulder” cams at the front of the 
device.  Persons up to 190 lbs used the intermediate simulator following shoulder modifications 
at therapeutic horse farm events with no adverse effects on the first prototype’s mechanics.  The 
same shoulder geometry is present in the modular simulator, and is tested with riders up to 305 
lbs.   This testing is further described in later sections.     
5.6.1 Unloaded Tests 
 
 
The goal of this test was to ensure that the device components perform in a safe manner 
without a rider.  This test was conducted initially to ensure that any potential maintenance or 
design problems were caught and solved prior to human use.  The test operated the simulator 
with the external blanket and covers removed, allowing for the interior to be easily observed.  
These tests were repeated to validate individual components on the horse simulator, including 
speed variability and camshaft alteration.  For each of the tests, 10 minute trials were used with 
the VFD as the controller.  The specific test protocols for the general and specific unloaded tests 
can be found in Appendix B.   
5.6.1.1 General Unloaded Test for Consistency 
 
The first unloaded test performed was a general unloaded test.  The simulator was run at 
the full frequency input of 60 Hz.  The rib structure was placed atop the mechanical structure, as 
shown in Figure 53.   
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Figure 53:  Unloaded general test set-up 
 
This test was repeated and minor technical adjustments were made until there were no 
remaining technical shortcomings observed.  Following this testing, unloaded speed and 
camshaft trials were performed.   
5.6.1.2 Unloaded Speed Test 
 
The unloaded speed test was performed with the same mechanics as the general unloaded 
test; however, unlike the general test in which the VFD was operated solely at 60 Hz, the VFD 
was operated at 30 Hz, 45 Hz, and 60 Hz.  The invertible motor is rated for as low as 1.6 RPM, 
which is about 6 Hz.  However, the general rule is to use 30 Hz as the low setting to protect 
three-phase motors from damage [21].  Therefore, the speed test used this as the lowest speed 
setting, with 45 Hz as a medium between this and the maximum.  Each trial for the test was 10 
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minutes.  Results of this test were used to ensure proper function of the VFD with the simulator 
prior to running the motion capture velocity test.   
5.6.1.3 Unloaded Varying Camshaft Test for Throw 
 
 
The unloaded varying camshaft test incorporated the basic structure of the general 
unloaded test.  The device was operated without coverings at full speed.  The trials were each 10 
minutes.  However, the shoulder and hip camshafts were changed between trials.  This approach 
allowed their efficacy to be tested in comparison to each other without the added complication of 
passenger loading. 
5.6.2 Zoned Loading Test 
 
 
The zoned loading test was designed to discover what aspects of the simulator design are 
affected by the distribution of a rider’s weight on the device.  These tests were performed by 
placing either a 5 lb. or a 10 lb. mass in each of nine marked zones on the top of the simulator is 
one of nine zones delineated on the simulator’s rib structure, as shown in Figure 54.   
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Figure 54:  A top view of the zone separation relative to the rib structure for the zoned 
loading testing 
 
The test investigated the effect of an unbalanced load on the simulator, but not the overall 
loading that the simulator supports.  The qualitative “symptoms” of interest that were recorded 
each pertain to a specific component of the device’s design.  These symptoms included rate 
change, front right or left bearing support translation, the main backbone squeaking against the 
safety catches, motor noise changes, bearings clicking loudly against the cams, and total 
systemic failure.  Data was recorded for a total of 5 sets each with 10 lb. and 5 lb. trials, one for 
each loading zone, with a total of 18 overall trials for each set.   
5.6.3 Qualisys Motion Capture Testing 
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5.6.3.1 Unloaded Position and Velocity Imaging Test 
 
An unloaded test was performed with motion capture to show a baseline performance 
level for the modular horse simulator device.  The device was operated at each speed and 
camshaft setting.  During the trials, markers were placed each of the double-wide follower ribs 
directly above the axles.  Displacement of these markers was measured within the confines of a 
virtual calibrated volume.  Additional markers were placed on the rib structure for reference 
during analysis.  The general setup for the test was shown in Figure 55, with a closer view of the 
marker placement in Figure 56.  
 
Figure 55:  The test setup with 4 motion capture cameras around the simulator.  The 
sidewalls were removed to allow clear visibility of all components during the test 
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Figure 56: The marker placement on the right-hand side of the simulator during unloaded 
testing 
Data was collected for each speed and throw device setting in the order shown in Table 6 
below.   
Table 6:  Trial order for the unloaded displacement and velocity tests 
Trial 
Set Cam Size Speed 
1 
Regular 
High  
2 Medium  
3 Low 
4 
75% Size 
Low  
5 Medium  
6 High  
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Consistent performance for the device in terms of displacement at the rib level and 
velocity was demonstrated using control ?̅?-R charts for each cam.  Control charts were chosen as 
a data analysis tool for the simulator, as they are frequently used to evaluate quality of a process 
or machine’s output in a variety of industries.  Control charts efficiently represent a large 
quantity of data points in a succinct form to indicate if a process occurs to a certain expectation.  
For this thesis, control charts show the consistency in the displacement of the rib structure of the 
simulator, as well as the consistency in the magnitude of riders’ hip motion in the loaded tests.   
The control charts were constructed in accordance with Shewhart, where there are at least 
k = 25 subgroups of some sample size n [22].  The sample data for displacement and velocity 
both tended to show symmetry, as shown in the Results section for preliminary testing; therefore, 
a sample size of n=4 was used while maintaining assumptions of normality using the central 
limit theorem.   
Subgroups were randomly sampled from 30 second intervals on operational data recorded 
in 15 minute windows.   
5.6.3.2 Loaded Position and Velocity Imaging Test 
  
Loaded position and velocity imaging tests were performed by measuring motion capture 
markers while riders used the device implementing.  There were four primary test subjects used 
in this study, as described in Table 7.   
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Table 7:  General test subject information for the loaded Qualisys testing 
 
 
All subjects were healthy volunteers.  They signed an informed consent document that 
can be found in Appendix C: Informed Consent Form.  The subjects each rode the simulator at 
both camshaft installation settings, with the exception of subject 3.  Availability constraints 
limited Subject 3 to riding the 75% camshafts exclusively.   
The test preceded with the same marker montage on the simulator as the tests described 
in 5.7.2.  However, markers were also attached to landmarks on the subjects’ bodies.  One 
marker was placed on each of the knees laterally at the joint, the iliac crest on each side, and the 
acromion on each side.  For the purposes of this study, the acromion data was not formally 
analyzed.  The marker arrangement is shown on Subjects 2 and 3 in Figure 57. 
Subject 
Number 
Gender 
 
Age 
 
Weight 
(lbs) 
1 Female 23 135 
2 Male 23 164 
3 Male 22 234 
4 Male 65 304 
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Figure 57:  The marker arrangements for the loaded tests are shown.  Subject 2 is at left, 
Subject 3 at right 
Each trial was a total measurement period of 10 minutes and 30 seconds.  On a specific 
camshaft installation, the simulator was initially set to high speed.  Data collection began, and 
the test proceeded for 3 minutes and 30 seconds, then the speed was reduced to the medium 
speed setting at 45 Hz.  After another 3 minutes and 3 seconds, the speed was again reduced to 
the lowest tested speed setting of 30 Hz.  The trial was designed as such to mimic the length of 
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ride that could take place in a hippotherapy session, during which the therapist might vary the 
speeds of the simulator as a challenge to the rider.  Furthermore, it measured the worst case 
scenario, that the VFD can be used smoothly while the simulator is loaded without cutting power 
to the device.   
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6 RESULTS 
 
Construction and testing protocols were completed per the processes outlined in the previous 
section.  The resultant modular hippotherapy simulator is shown in Figure 58  below.   
 
Figure 58:  The fully-constructed modular hippotherapy simulator 
 
Following are the detailed construction and testing results for this device.   
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6.1 Design and Construction 
 
 The modular horse simulator was constructed for $1447.23.  The detailed budget for the 
device is located in Appendix A:  Budget.  The Appendix also includes the budgetary allocations 
for improvements to the original simulator to create the intermediate device as well as a 
motorless simulator that will be used for specialized applications to improve riders’ balance at 
the therapeutic horse farm.  This device is explained further in Section 10: Future Work.   
 Overall, two sets of cams were assembled, and speed variability was ensured with the 
VFD.  By the completion of the device, it accumulated 18 operating hours.  These operating 
hours included:  
 preliminary testing protocols that ensured the device’s consistency for use in a 
therapeutic riding lesson of generally 10-20 minutes.   
 demonstrations of the efficacy of the motion with inexperienced and veteran horse riders 
ranging from 100 lbs to 305 lbs   
 documented motion capture testing sessions with and without riders 
As further explained below, the device exhibited no sounds or visual symptoms of improper 
construction or insufficient design after small adjustments were made in the preliminary testing 
protocols.  While the modular hippotherapy simulator has been used solely by healthy volunteers 
so far, the high speed, standard camshaft setting on the modular device is identical in geometry 
and dynamic to the intermediate iteration of this device.   
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The intermediate iteration of the device is comparable as an in-use proof-of-concept for 
the modular simulator, with standard camshafts and the same follower mechanism operating at 
the high speed setting (28.75 rpm).  This device was delivered for use at a therapeutic horse farm 
while the modular device was constructed, and it generated positive therapeutic results for clients 
with cerebral palsy, traumatic brain injury, Down Syndrome, deaf and blindness, or autism [7].  
The child with Down syndrome experienced a reduction in the amount of time required to calm 
her fears of horseback riding each session.  Initially, it took 15 minutes for her to mount the 
horse using two side walkers.  After two sessions on the horse simulator, her time to mount the 
real horse was reduced to 3 minutes [7].  Additionally, her time spent on the real horse was more 
effective, as her time on the simulator helped her learn to relax her grip on the saddle horn and 
reins.  Her balance increased over time using the simulator such that she could complete exercise 
therapy on the real horse with one hand while holding the reins in the other.  The simulator was 
used to assist a deaf and blind child learning tactile commands before getting on the real horse 
[7].  The person with traumatic brain injury used the simulator to strengthen his core muscles to 
help improve his posture.  The remaining clients successfully used the device as a warm-up to 
riding the real horses.  As a general consensus, each individual who used the simulator 
mentioned a feeling of relaxation induced by the ride.   
At the time of this publishing, the intermediate device has been used for five months.  In 
that time, only minor maintenance has been required to tighten hose clamps that keep the 
followers aligned with the camshafts, as well as checking set screws in the device periodically to 
maintain contact between the sprockets, pillowblocks, and the shafts.  There was some 
discoloration on the device’s frame that occurred due to its use in a humid environment, 
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prompting a necessary coat of silicone spray to further protect the device.  The protective coat 
has been sprayed on the latest modular device iteration.  This maintenance can be performed by 
individuals at the therapeutic horse farm with little involvement necessary on the part of the 
designer.   
   The operational results for both the intermediate and modular hippotherapy simulators were 
encouraging.  During the testing protocols, the modular simulator performed well.  The device 
functioned as planned in a consistent, safe manner at all speed and camshaft settings. The 
detailed results of these tests are described in the following section.   
6.2 Tests 
 
 
The remaining results sections detail the operational data for the modular hippotherapy 
simulator.  Appropriate graphs expressing qualitative and quantitative measurements of the 
device’s performance are included.  The tests are reported in the order in which they were 
performed.  To begin, the results from the general unloaded tests used to validate the horse 
simulator device’s preparedness for riders are shown.     
6.2.1 Unloaded Tests 
 
 
A set of preliminary tests were performed to ensure that the device did not exhibit clear 
defects that could be observed without instrumentation.  Following are the results of those tests, 
as well as the improvements made to the device in response.   
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6.2.1.1 General Unloaded Test for Consistency 
 
For the first unloaded test, the simulator was set to full speed with 60 Hz input through 
the VFD.  A set screw in the right rear camshaft pillow block bearing fell out after three minutes 
of operation.  There are two set screws in each of the 1-1/8” pillow block bearings and since the 
second remained secure, the test was not stopped.  Additionally, the front left shoulder cam 
sprocket and follower were less than 1 mm from contacting each other at a point in the rotational 
period.  Lastly, the rear followers were slightly off contact with the hip cams.  Otherwise, the 
device functioned properly without additional incidents.   
As a result of this test, Loc-tite has been applied to each of the set screws in the device.  
No set screws have loosened or fallen out of the device in any subsequent tests or uses.  The rib 
structure and the shoulder cams have been adjusted to contact 0.5 cm further left on the cam.  It 
was determined that the hip followers were not properly contacting the cams because the hole in 
the follower rib on the backbone was too tight.  The rib could not tilt back and forth with the 
passing of the hip cams because there was too much friction between the pipe and the wood.  All 
of the ribs have been removed and sanded to increase the internal diameters of the holes slightly.  
The test has then been repeated with no recorded problems.   
6.2.1.2 Unloaded Speed Test 
 
The speed test was performed as a preliminary gauge of the efficacy of the VFD and the 
associated wiring components to control the device’s speed.  Additionally, it was important to 
determine if the torque was preserved enough at lower speed settings to move the underlying 
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structure for the design.  The test occurred after the minor technical adjustments per the general 
unloaded test results.   
The speed test was performed at the three different speed rates for 10 minutes each.  No 
problems were recognized for the device in these tests.   
6.2.1.3 Unloaded Varying Camshaft Test for Throw 
 
 
The device was tested using each camshaft following the general and speed unloaded 
tests.  These tests were successful, prompting progression into the Qualisys loaded and unloaded 
testing described in 6.2.3.   
6.2.2 Zoned Loading Tests 
 
 
The first method used to explore the zoned loading test data is a multiway dot plot showing 
the number of times a problem condition was observed during the trials by zone, as shown in 
Figure 59.   
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Figure 59:  Regional display of the symptoms observed in horse simulator trials 
100 
 
 
The panels are conditioned by the observed symptoms and the applied load.  This display 
type places data on two aligned scales, permitting quick distinction of irregularities in the data.   
The rows of the panels are ordered by ascending means, thus grouping the zones with the most 
“symptom” observations at the top.  This arrangement emphasizes the high number of click and 
front right bearing support (TFR) translations present in the C1 position.  This display is helpful 
to get an overview of the data and can be used to link the type of problems present in the design 
with specific zones of interest.  However, it does not denote the testing order and the possibility 
of increasing symptom observations over time.  Therefore, the next exploratory display in 
Figure 60 incorporates the time element to give more insights into the data and the results of 
repeated loading on the device.    
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Figure 60:  Temporal display of the symptoms observed in horse simulator trials 
 
This display is a cycle plot separated in a trellis style that shows the number of observed 
symptoms as a function of the set in which the trials occurred.  The panels are conditioned on the 
symptom and loading.  The plot is inspired by the month plots that depict categorical cycles, as 
described by Robbins [26].  
It appears that the number of observations of clicking increase at both loadings as the set 
number increases.  This correlation could indicate that part of the mechanics misaligned over 
time.  Additionally, the translation of the front right bearing strut markedly decreased as more 
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runs occurred.  Upon inspection of the device itself, it was concluded that the deformation of that 
component occurred until the bearing-cam interface became more ideally aligned from their 
initial set-up.  Presenting the test information inspired an alignment change for the device that 
another display type may not have elucidated.    
6.2.2.2 Final Prototype Results 
 
 
 Zoned loading testing was performed for the final modular prototype device.  Due to the 
fundamental redesign in the follower attachment piece and chain tightening procedures, the 
qualitative symptoms recorded in the previous section were not present in the new iteration.  The 
auditory and visual cues to problems with the original device were eliminated using the 
preliminary zoned loading test as a diagnostic tool.  Since there were no adverse observations 
recorded in the zoned loading tests for the current simulator, graphs are not necessary for this 
section.     
6.2.3 Qualisys Motion Capture Testing 
 
 
 Each of the Qualisys Motion Capture Testing tests was prepared for analysis using a 
Matlab as follows:   
1. Qualisys software calculates distance data for each trial.  The standard deviation is 
between 0.91 and 1.63 mm for the calibrated area in these tests. Output from the three 
calibration processes are included in Appendix D:  Calibration Outputs.  Distance 
data are found relative to a calibrated volume encompassing the horse simulator and 
some of its surroundings.  Based on this calibration, data in the +z-direction 
corresponds to a levitating direction in relation to the rider. 
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2. Z-direction data are isolated.  The maximum distance data are determined for each 
rotation of the cam.  To accomplish this determination, the array of z-direction data 
are sliced into rate-appropriate sections.  For example, the high speed cams should 
rotate at a rate of 28.75 rpm.  If the camera records data at 200 Hz, then 28.75 rpm 
would be 417 frames.  Looking at the actual data, maxima generally occurred at 410 
frame intervals.  The maximum corresponds to the highest point that the simulator rib 
cage reaches in that quadrant for each period of cam rotation.  The maxima are stored 
in an array.  The difference between the theoretical and actual frame differences was 
small, so sampling the data in 410 frame intervals was deemed appropriate.   
 
3. Following maxima collection, the minimum distance data are found for each cam 
rotation.  This point corresponds to the lowest depth the rib structure at that quadrant 
reaches during a cam rotation.  The array of z-direction data are sliced in the same-
size intervals as before.  However, those intervals are shifted in order to center at 
minima rather than the maxima.  These points are stored in an array.   
 
4. The magnitude of +z-direction travel during a during a cam’s period of rotation is 
calculated by subtracting the nth element in the minima array from the nth element in 
the maxima array.  This calculation leaves the maximum distance in millimeters that 
the rib structure marker traveled during a single rotation.  These magnitudes are 
stored in a distance magnitude array.   
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5. In order to sample for control charts, the array is sliced into 1 minute sections, or 
6000 frame lengths.  A random sampling built-in Matlab function samples 4 elements 
from a section without replacement.  These are the 4 samples that comprise a 
subgroup for the control charts.  The sampling permits easier differentiation between 
common cause and special cause variation.  This and other Matlab code mentioned in 
this thesis can be referenced in Appendix F:  Supplemental Matlab Code. 
 
6. The rate at which the maxima and minima occur are recorded by the indices on the 
maxima and minima elements and analyzed.   
 
6.2.3.1 Unloaded Position and Velocity Imaging Test 
 
The unloaded test data is analyzed using ?̅?-R charts for each of the loading schemes and 
speeds at each cam.  This analysis leads to 24 control charts describing the device’s performance.  
The ?̅?-R charts are drafted using three assumptions, as follows [25]:  
1. Data demonstrates control  
2. Small, constant sample size 
3. Data comes from a normal distribution  
A small preliminary test was performed in order to determine if the small sample size of 4 could 
be used in this study, while still satisfying assumptions 2 and 3.  The trial run of data was 
collected and tested for normality and control.  These results are shown below in Figure 61.   
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Figure 61: Pretest data for the distance between the right hip follower rib and a 
perpendicular reference point on the frame 
 
 Each major peak and valley is a period in the cam rotation and the rise and fall of the rib 
structure at the tested region.  This test was performed prior to correctly diagnosing and repairing 
the excessive friction on the backbone at the rear follower rib.  Therefore, there is a bump 
preceding each major peak that illustrates the delay and slight bounce that occurred before the rib 
would tilt onto the appropriate cam.  However, this bounce does not affect the pretest results for 
this section, as the extrema are the sole values of interest.   
A histogram of the first 10 maxima in these data is shown below in Figure 62.  These 
maxima are obtained from the dataset depicted in the previous figure.   
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Figure 62:  A histogram of the maxima for the pretesting sampling data 
 
The histogram demonstrates symmetry.  There is possibly slight positive skew in the dataset; 
however, it should be insufficient to prevent normality with small N.  Normality is assessed 
using the Anderson-Darling Normality test in Figure 63.   
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Figure 63: Anderson-Darling normality test on pretest sampling maxima data 
 
A high p-value indicates that these data come from the normal distribution.  A sample 
individuals chart in Figure 64 demonstrates control for a small sample size.  The I-MR chart is 
used because each peak in the pretest data is included without subgrouping.  
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Figure 64:  Individuals chart for the pretest sampling data at the right hip cam 
 
Based on the I-MR chart, the pretest data meets control within the limit bounds.  With 
normality and control confirmed, the remaining charts are created using subgroup sizes of 4 with 
30 samples.  The limits for the ?̅? chart follow  
𝑈𝐶𝐿 = 𝑋 + 𝐴2 ∗ 𝑅 ( 2 ) 
 
𝐿𝐶𝐿 = 𝑋 − 𝐴2 ∗ 𝑅          ( 3 ) 
  
       ( 4 ) 
 
      ( 5 ) 
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      ( 6 ) 
Each of the datasets is tested for its fit with the normality assumption using the Ryan-
Joiner normality test.  A p-value greater than 0.1 using this test indicates that the dataset comes 
from the normal distribution.  An example of the Ryan-Joiner test output for the Left Hip 75% 
Cam samples at the High speed setting is shown in Figure 65.   
 
Figure 65: A sample Ryan-Joiner normality test output 
 
 Since the p-value is high (>0.100), the null hypothesis is rejected and normality is 
assumed.   
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6.2.3.1 Unloaded Position and Velocity  
 
Datasets that meet the normality assumption are assembled into ?̅?-R control charts.  The 
datasets that meet that criteria for the 75%-scale cams are shown in Figure 66 and Figure 67, 
while those for the standard-scale cams are in Figure 68 and Figure 69.  Applying control 
criteria to test for special causes, out-of-control points are marked in red.   
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Figure 66:  Unloaded 75% Tests from the Normal Distribution 
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Figure 67: Unloaded 75% Range Charts from Normal Distribution 
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Figure 68: Unloaded tests standard cams from normal distribution ?̅? charts 
 
 
 
Figure 69: Unloaded tests standard cams from normal distribution range charts 
  
These datasets each pass the control criteria for the means, as shown in Figure 66 and 
Figure 68.  There is a single out-of-control range point for the 75% camshaft left hip at the high 
speed setting.  It appears to be an outlier value, as it is the only point near the bounds.    
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Certain datasets do not meet the normality assumption.  For these sets, a transformation is 
performed.  This transformation allows for a clearer, more appropriate set of bounds for the 
control chart UCL and LCL.  A sample Johnson Transformation is shown in Figure 70 for the 
Right Hip 75%-scale cam at high speed. 
 
Figure 70:  A Johnson Transformation example to meet the normality assumption with 
non-normal data 
 
Using the datasets resulting from the Johnson Transformations and Equations 2-6, ?̅?-R 
charts are created and shown in Figure 71 and Figure 72 for the 75% cams, and Figure 73 and 
Figure 74 for the standard scale camshafts.    
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Figure 71: Unloaded tests 75% cams Johnson Transformation ?̅? charts 
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Figure 72: Unloaded tests 75% cams Johnson Transformation range charts 
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Figure 73: Unloaded tests standard cams Johnson Transformation ?̅? charts 
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Figure 74: Unloaded tests standard cams Johnson Transformation range charts 
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 The Johnson Transformation creates appropriate bounds for the control charts.  The units 
on these charts are no longer in mm due to the transformations for each chart, but it is generally 
shown by the trends that the cams are in control.   
One dataset in the 75%-scale cams and 5 in the standard-scale cams do not exhibit 
normality and consequently cannot be successfully transformed using the Johnson 
Transformation.  The datasets are compared against a variety of distributions, including the 3-
parameter loglogistic, logistic, loglogistic, smallest extreme value, largest extreme value, 
gamma, 3-parameter gamma, Weibull, 3-Parameter Weibull, 2-Parameter Exponential, 
Exponential, lognormal, 3-Parameter lognormal, and the Box-Cox Transformation.  All of these 
distributions have low p-values for the Goodness-of-Fit test, indicating that these distributions 
are not sufficient to describe the datasets.  Therefore, a Run Chart is used for the datasets in order 
to highlight trends or anomalies without needing to meet the normality assumption.  The Run 
Chart plots each of the points within a subgroup and the mean to show the mean’s relationship to 
the subgroup as well as connecting a line between the means.  The Run Charts are shown in 
Figure 75 and Figure 76. 
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Figure 75: Unloaded tests 75% cams run charts for those datasets that cannot be 
transformed to meet normality assumptions 
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Figure 76: Unloaded tests standard cams run charts for those datasets that cannot be 
transformed to meet normality assumptions 
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 The Run Charts show that there are oscillatory effects in the data, but the cams generally 
cause movement within an acceptable range.  The standard cam, right shoulder setting has what 
appears to be an initial high point, but it aligns acceptably in reference to other grey “high” 
samples in subsequent subgroups.    
The unloaded samples are plotted in box plot form in order to show the mean and spread 
for the magnitude of the rise and fall at each cam at different speeds.  Results for the two size 
camshafts are shown as grouped by cam region:  left and right hips and shoulders.  These plots 
are shown in Figure 77. 
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Figure 77: Unloaded tests samples, throw per cam location 
 
 The box plots in Figure 77 show that the 75% cam sets consistently perform with lower 
throw heights than the standard cam sets.  There is no overlap in the 1st and 3rd quartiles for any 
regional cam between the 75% and standard shafts.  The differences for the unloaded means in 
millimeters is shown in Figure 78.   
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Figure 78: Differences between the means for the unloaded 75% and Standard camshafts 
in millimeters 
 Representing the differences in the means as a single point shows how many millimeters 
increase in throw would result from installing the standard camshafts instead of the 75%-scale 
ones.  This plot and the previous unloaded results are further discussed in Section 7:  Discussion.   
6.2.3.2 Loaded Position and Velocity Imaging Test 
 
 The loaded Qualisys testing protocols are analyzed using the same methodology as the 
unloaded trials.  The results are tabulated below, analyzing position and velocity data to show the 
success of multiple throw and speed functionality.   
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6.2.3.2.1 Position 
 
 To get a view of the interaction between the loaded datasets, the loaded test samples are 
shown on a lattice plot displaying panels of box plots.  The panels are conditioned in terms of the 
type of throw along the columns and cam types in the rows.  The box plots are shown in Figure 
79.  
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Figure 79:  Loaded testing data for the Qualisys marker tests.  The datasets are coded by 
color across the cam regions, types, and speeds 
 Box plots for the loaded testing data in Figure 79 are color-coded in accordance with 
particular subjects.  The blue boxes correspond to subject 1 (135 lbs) in each of the panels.  
Likewise, the green, red, and black boxes correspond to subjects 2 (165 lbs), subject 3 (237 lbs), 
and subject 4 (304 lbs), respectively.  The y-axes for each of the panels ranges from 0 to 70 
millimeters in increments of 10.  The arrangement of box plots shows how similar the 
simulator’s performance is between riders at each speed setting.  A clearer view of solely the 
loaded test means is shown in Figure 80.   
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Figure 80:  Dot plot for the loaded schemes individually in the Qualisys testing 
 
 The dot plot in the figure above is conditioned on throw type and cam region.  Each of 
the dots corresponds to a dataset for a specific subject trial at a speed, camshaft size, and cam 
region.  Ideally, each of the regions would have 4 points in the region.  However, the anatomy 
for certain test subjects blocked markers on the simulator.  For that reason, there were data 
missing for test subjects at certain cams.  Despite this concern, for most cam regions, camshafts, 
and speeds, there were at least three trials of data points.   The means tend to be within 10-15 
millimeters of each other regardless of loading.  The mean differences of throw height at a cam 
region between the 75% and standard camshafts are shown on a dot plot in Figure 81.   
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Figure 81:  Dot plot for the mean of all loaded schemes in the Qualisys testing  
 
 Demonstrated by Figure 81, the mean values for the collective loaded schemes with the 
standard camshaft are higher than those of the 75% camshafts.  Figure 82 shows the loaded 
scheme box plots by speed with the addition of a box plot for the unloaded samples in grey.   
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Figure 82:  Loaded and unloaded testing data for the Qualisys marker tests.  The datasets 
are coded by color across the cam regions, types, and speeds 
 The spread on the grey unloaded boxes is small; Figure 82 shows the interaction between 
the boxplots. The unloaded data appear to be generally close to the loaded data in magnitude.  
The unloaded data tends to be toward the lower magnitudes in the group for each panel, possibly 
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showing a slightly greater throw achieved when the simulator is loaded.  To further clarify the 
loaded performance compared to the unloaded one, all of the loaded samples are represented in a 
box plot in each panel together in black against the unloaded samples in red in Figure 83.   
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Figure 83:  Loaded testing data is combined into a box plot encompassing all samples, and 
the unloaded samples are in red. 
 These boxplots further clarify what was shown in the previous figure.  The unloaded 
datasets are similar to the loaded ones, differing to somewhat lower magnitudes on the 75% 
camshafts and higher ones for the standard camshafts.  A clear comparison between the loaded 
and unloaded means is shown in Figure 84, in which the unloaded means are added in red.   
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Figure 84:  Loaded vs Unloaded Qualisys Testing for All Speeds (black is loaded, and red is 
unloaded) 
 
 The dot plot shows that there is generally a small difference between the unloaded and 
loaded means for the test data.   
A similar depiction separates the unloaded and loaded means as conditioned by cam 
location, camshaft type, and trial speed.  Figure 85 shows the unloaded means in red and the 
loaded in black.    
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Figure 85:  Loaded vs Unloaded Qualisys Testing for Individual Speeds 
 
 The unloaded means appear lower than the loaded ones for the 75% cams and slightly 
similar to or higher than the unloaded ones.   Another view of the loaded and unloaded data 
indicates how much difference in throw exists between the 75% and standard size camshafts at 
the each of the four cam regions.  This is shown below in Figure 86.   
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Figure 86:  Difference between the 75% and Standard size camshafts with the unloaded 
means in red and the loaded in black 
 
 There is generally a greater difference seen between like cams for the unloaded scheme 
than the loaded; however, there is always a positive difference between the 75% cams and the 
standard, indicating that the throw induced by the standard camshafts is larger.   
 Another important factor in the simulator performance is the trajectory of the human hips 
during a ride.  Each rider’s hips have a different range of flexibility.  As a unifying metric to 
show the difference in the throw imparted to a rider’s hips, the mean throw magnitude at a cam 
region for each subject’s hip is calculated.  This value is shown in Table 8.    
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Table 8:  Human Hip Performance Means 
  Hip Speed Weight 
Difference in 
Millimeters 
Inches 
Fraction 
of 
Standard 
Camshaft 
Subj 1 
Right 
High 
135 lbs 
7.32 0.29 0.169 
Medium 3.99 0.16 0.099 
Low 5.99 0.24 0.142 
Subj 2 
High 
160 lbs 
4.57 0.18 0.186 
Medium 3.79 0.15 0.138 
Low 4.83 0.19 0.179 
Subj 4 
High 
305 lbs 
7.79 0.31 0.282 
Medium 5.26 0.21 0.225 
Low 6.2 0.24 0.257 
Subj 1 
Left 
High 
135 lbs 
12.82 0.51 0.296 
Medium 10.65 0.42 0.251 
Low 13.33 0.53 0.304 
Subj 2 
High 
160 lbs 
0.57 0.02 0.018 
Medium 4.26 0.17 0.111 
Low 13.40 0.53 0.347 
Subj 4  
High 
305 lbs 
8.14 0.32 0.232 
Medium 4.12 0.16 0.133 
Low 4.17 0.16 0.126 
 
 The table demonstrates the fraction of the standard camshaft throw difference.  Ideally, 
this value would be at least 25%, since the 75% cams are designed to be 75% of the throw 
magnitude as the standard size cams.  For every inch of throw designed in the standard 
camshafts, the 75%-scale shafts should give 0.75 inches of throw.  Therefore, if the standard 
camshaft raises the person’s hip 1.5 inches, the 75% cams should raise it 1.125 inches.  To 
calculate the fraction of the standard camshaft value in the table for these values, the process 
is1.5 − 1.125 = 0.375 𝑖𝑛𝑐ℎ𝑒𝑠 𝑤ℎ𝑒𝑟𝑒
0.375
1.5
= 0.25 𝑜𝑟 25%. 
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It is in a similar range for all riders in the simulator.  One rider is discounted from the hip 
calculation, as the participant only utilized the 75% during testing.  A view of the actual hip 
sample magnitudes for each rider is shown in Figure 87.   
 
Figure 87:  Box plot lattice plot showing the samples for each rider's hips 
 
 The box plots show that each person’s hips exhibit somewhat different magnitudes of 
throw while using the different simulator settings.  Recall that the blue boxes correspond to 
subject 1 (135 lbs) in each of the panels.  Likewise, the green, red, and black boxes correspond to 
subjects 2 (165 lbs), subject 3 (237 lbs), and subject 4 (304 lbs), respectively.  These box plots 
show no obvious outliers resulting from greater or lesser loading.   
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Following are control charts for the loaded tests to examine the displacement consistency 
for each simulator setting as loaded by each test subject.  There are fewer samples for each 
setting in the loaded tests than the unloaded tests because each setting was only used for 3 
minutes and 30 seconds.  Therefore, only 28 points are sampled in each trial, corresponding to 4 
data points every 30 seconds.  Since there would only be 7 subgroups in ?̅?-R chart, the data are 
instead incorporated into I-MR charts.  This chart allows for all of the sample points to be used 
to construct the limits and see trends.  Again, when data did not meet the normality assumption, 
they were transformed using the Johnson Transformation, and when the transformation was not 
possible, a Run Chart was used instead.  The normality tests and full-scale control charts for both 
the loaded and unloaded testing can be examined more closely in Appendix E:  Control Charts.  
Subject 4 is represented first with performance riding the 75%-scale camshafts with I-MR charts 
in Figure 88, followed by the Johnson Transformation charts in Figure 89, and Run Charts in 
Figure 90.   
 
Figure 88: I-MR Chart 75% Cams from Normal Distribution, Subject 4 
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Figure 89: I-MR Charts 75% Cams from Johnson Transformation, Subject 4 
 
Figure 90:  Run charts for the 75% cams that do not meet distribution criteria, subject 4 
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The level of control for Subject 4 on the standard camshafts is indicated with I-MR charts 
in Figure 91, followed by the Johnson Transformation charts in Figure 92, and Run Charts in 
Figure 93.   
 
Figure 91: I-MR Charts for the standard cams that meet the normality assumption, 
Subject 4 
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Figure 92:  I-MR Charts for the standard cams transformed with a Johnson 
Transformation, Subject 4 
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Figure 93: Run charts for the standard cams that cannot meet distribution criteria, Subject 
4 
 
Subject 3 only rode the simulator with the 75% camshafts due to availability constraints.  
This subject’s performance is shown with I-MR charts in Figure 94 , followed by the Johnson 
Transformation charts in Figure 95, and Run Charts in Figure 96.   
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Figure 94:  I-MR chart for the 75% cam that met the normality assumption, Subject 3 
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Figure 95:  I-MR charts for the 75% cams that were transformed using the Johnson 
Transformation, Subject 3 
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Figure 96:  Run charts for the 75% cams that did not meet distribution requirements, 
Subject 3 
Subject 2 used the simulator at each of the possible settings.  The consistency of the rides 
is represented first with performance riding the 75%-scale camshafts with I-MR charts in Figure 
97, followed by the Johnson Transformation charts in Figure 98, and Run Charts in Figure 99.   
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Figure 97:  I-MR Charts for the 75% cams that met the normality assumption, Subject 2 
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Figure 98:  I-MR Charts for the 75% cams that are transformed with the Johnson 
Transformation, Subject 2 
 
Figure 99:  Run charts for the 75% cams that did not meet distribution requirements, 
Subject 2 
The level of control for Subject 2 on the standard camshafts is indicated with I-MR charts 
in Figure 100, followed by the Johnson Transformation charts in Figure 101.   
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Figure 100:  I-MR charts for the standard cams that met the normality assumption, 
Subject 2 
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Figure 101:  I-MR charts for the standard cams that were transformed with the Johnson 
Transformation, Subject 2 
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Finally, Subject 1 also used the simulator at each of the possible settings.  The 
consistency of the rides is represented first with performance riding the 75%-scale camshafts 
with I-MR charts in Figure 102, followed by the Johnson Transformation charts in Figure 103, 
and Run Charts in Figure 104.   
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Figure 102:  I-MR charts for the standard cams that met the normality assumption, 
Subject 1 
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Figure 103:  I-MR charts for the 75% cams that are transformed with the Johnson 
Transformation, Subject 1 
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Figure 104:  Run chart for the 75% cams that did not meet distribution requirements, 
Subject 1 
 
The level of control for Subject 1 on the standard camshafts is indicated with I-MR charts 
in Figure 105, followed by the Johnson Transformation charts in Figure 106, and a Run Chart in 
Figure 107.   
 
153 
 
 
 
Figure 105:  I-MR chart for the standard cams that met the normality assumption, Subject 
1 
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Figure 106:  I-MR chart for the standard cam data set that was transformed using the 
Johnson Transformation, Subject 1 
 
Figure 107:  Run chart for the standard cam dataset that did not meet distribution 
requirements, Subject 1 
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6.2.3.2.2 Velocity 
 
The theoretical top speed for the device is 28.75 rpm, as dictated by the motor turning at 
1725 rpm when the VFD is set to 60 Hz with a 60:1 gear reduction.  Using Matlab, the Qualisys 
Motion data for the high speed setting trials is analyzed to locate the local maxima.  Initially, 
datasets are evaluated by hand to note the maximum magnitude throw for each cycle of the cam.  
It is noted that most datasets at the high speed setting have a maximum value roughly every 410 
indices, or every 2.05 seconds (410 frames*0.005 seconds).  With a maximum every 2.05 
seconds, that translates to roughly a 29.27 rpm rate of speed.  While higher than the theoretical 
value, it is acceptable.  In order to determine if there are reliably three different speeds set on the 
device, each data set is analyzed, and the indices for the maxima are recorded.   
Differences are calculated between the maximum and minimum values.  Their indices in 
the array are subtracted to show the time elapsed between the maximum and minimum values 
measured for the rib movement.  Ideally, the index for the subtraction between the maxima and 
minima should be consistently half of the number of frames in a period of the array.  This 
relationship is because the cam should rotated between its maximum throw and minimum throw 
in 180 degrees, or half of the period for the cam.  At the least, the indices should be within a 
small range of values to indicate that the device’s rate is consistent. 
Each of the speed sets are analyzed in a different window of frames.  The testing 
windows are listed in Table 9.   
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Table 9:  The frame windows for analyzing the distance data 
Speed Frames 
Time 
(seconds) 
Rate 
(rpm) 
High 410 2.05 29.27 
Medium 540 2.7 22.22 
Low 820 4.1 14.63 
 
The median for differences indices are converted to time in seconds and displayed in the panels 
of Figure 108.   
 
Figure 108: Loaded median indices for the test throw magnitude at each cam region and 
speed. 
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 Figure 108 shows that there are three distinct speeds for each of the cam locations and 
camshafts.  Another representation of the data is shown in Figure 109.   
 
Figure 109: Loaded trials and their median index's relation to the target 50% value 
  
Figure 109 shows that only one median index was greater than 10% from the target of a 
time 50% of the total value.    
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7 DISCUSSION 
 
The preceding tests were performed to prove the simulator’s efficacy as a consistent, 
modular therapy device to provide multiple throw and speed options to safely benefit therapy 
clients at a load capacity of at least 175 lbs.   
7.1 Consistency 
 
Control charts were created for all trials, ?̅?-R for unloaded tests and I-MR or run charts 
for the loaded tests with fewer subgroups.  Of the 88 control charts created to evaluate the 
simulator’s performance, with or without riders, 71 fall completely within the control bounds 
with no out-of-control points.  In the 17 charts with out-of-control points, there are no more than 
two out-of-control points in any chart.  The few number of out-of-control points affirm the 
assumption that the design creates a consistent ride for users.   
 The positive results seen in the control charts in section 6.2.3:  Qualisys Motion Capture 
Testing were ensured by the adjustments resulting from the zoned loading test and the 
preliminary unloaded speed and throw tests.  For a ride to be out-of-control, significant errors or 
damages would have been present, and the preliminary tests were designed to reveal those before 
Qualisys testing.  Examples of these errors include lack of continuous contact between the 
followers and the cams, misalignment between the followers and the camshafts, interferences 
between parts, or an improperly functioning motor.  The motion mechanism for the simulator is 
designed such that the weight of the rib structure naturally maintains positive contact between 
the followers and the cams.  For this reason, proper alignment in the unloaded tests is predictive 
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of favorable loaded test results.  As such, no loaded test can be successful without unloaded tests 
that do not present obvious errors.   
7.2 Modular 
 
 
 As mentioned in the Design and Construction sections of this thesis, modularity is 
pervasive throughout the simulator.  There are two distinct size classes of camshafts that can be 
exchanged, two each for the shoulder and the hip regions.  The driveshaft is suspended on the 
frame with pillow block bearings.  There are removable sidewall panels on the device that allow 
for simple access to the interior.  Overall, each of these quickly removable and exchangeable 
device components are possible due to the use of a perforated steel frame and slots.   
 Proof of the modularity function is first confirmed in the unloaded throw tests described 
in Section 6.2.1 and later supported by the control charts mentioned in the 7.1:  Consistency 
section above.  The ability to install different shafts with similar motion patterns with different 
throws was reflected in the tests that will be discussed with Section 7.3:  Multiple Throws.   
 Modularity is a unique feature in this study’s scope, as it primarily benefits the therapist, 
researcher, or mechanic who operates and maintains the device, as opposed to the rider.  
Replacing a camshaft is less expensive and requires less storage space than additional simulators.  
Furthermore, it facilitates easier repairs and part replacement, with access paths to all 
components on the simulator, as well as a reduction in custom-made parts as compared to the 
device’s spring 2013 predecessor.  Incorporating this concept permits countless possible 
variations in throw with custom-sized cams to suit the needs of the therapist’s treatment plans.  
The design promotes individualized therapeutic treatment, as the therapist could cater to specific 
patients’ needs with specific-sized camshafts.       
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7.3 Multiple Throws 
 
 
 Evidence for the device’s ability to implement multiple throw magnitudes is shown by 
the Qualisys loaded tests.  Panels of box plots in Section 6.2.3.2.1:  Loaded Positions and 
Velocity Tests, Position show the similarity between the throw magnitudes for the loaded tests at 
each cam region, and the dissimilarity in those areas when camshafts are interchanged.  This 
difference is directly represented in the dot plots that show how much higher the standard cam 
magnitude is than the 75% camshaft magnitude at each of the four cam regions.  Of therapeutic 
significance is how the difference in cam throw magnitude affects the amount of motion in the 
rider’s hips.  Each of the test subjects has somewhat different magnitude of motion in their hips 
during testing; however, it is shown that the standard-size camshafts creates a 20.2% higher 
magnitude of hip motion than the 75% camshafts for the different-sized subjects.   
 It is not surprising that installing a set of camshafts at the same axle location on the 
device led to different magnitude throws for the markers on the rib structure.  What is significant, 
however, is that the camshafts transmit an appropriate differential in throw to all of the riders, 
regardless of size.  While the goal is 25%, to meet the theoretical design, 20% is 0.2 - 0.56 inches 
of extra magnitude at each hip for these subjects.  A greater range of motion for each rider is 
exercised regardless of the rider’s size or inherent flexibility.  The purpose of these tests was to 
ensure that the followers maintained proper contact with the cams throughout the ride.  Important 
to the success of these tests is proper adjustment of the load adjustment bumpers, as a bumper 
that is too high would prevent the followers from tilting to reach the smaller cams.  Additionally, 
a problem with the modular hippotherapy simulator’s predecessor was deformation of the 
follower attachment piece on the rib structure that caused the followers to tilt, eventually 
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preventing adequate following.  When that deformation took place, the rider’s hips had minimal 
movement.  Based on the modular hippotherapy simulator’s performance, however, follower 
attachment deformation is not a concern in this design.        
7.3 Multiple Speeds 
 
 
 The functionality of multiple speed settings on the modular horse simulator is shown 
using analysis of the motion capture data.  The dot plot shown in Figure 108 examines the 
median times for the cam to rotate from its minimum point to the maximum.  As expected, the 
plot indicates that there are 3 distinct rates at which this process occurs.  This distinction is true 
at all cam regions and camshaft types.  Additionally, the device turns from its minimum to its 
maximum throw point at 50% ± 10% of the expected period at all but the standard size left hip 
cam at the low speed setting, as shown in Figure 109.  This cam rotates between the lowest and 
highest point with a median rate of 1.6125 seconds rather than a target of 2.05 seconds.  Over 
half of the trials have a median rate that is somewhat faster than expected.  However, their rates 
only exceed expectations by fractions of a second and would be unnoticeable to the rider. 
 These results follow expectations based on preliminary visual testing with the VFD.  
However, these tests were important in order to discover if there was inherent slow-down in the 
cam path with any of the loading schemes.  Preliminary visual tests showed that when the chain 
turning the camshafts was improperly tensioned, slack in the chain caused the cam to turn at an 
uneven rate.  There was a delay before the follower could reach the maximum point on the cam.  
Had there been improper tension in the chain during the Qualisys testing, this would have been 
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evident in the rate results and prompted attention.  However, the aforementioned results indicate 
that the simulator functions properly at three distinct, validated speed settings.  
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8 LIMITATIONS 
 
There are some limitations present in the testing for the modular hippotherapy simulator.  
A primary limitation is that this work uses healthy volunteers for test subjects for the loaded 
simulator testing.  The modular device’s predecessor from spring 2013 was used for therapeutic 
purposes for a period of five months, reinforced with the same follower mechanism as the final 
modular simulator, and then used in therapy sessions for another five months.  During this 
timeframe, it was used as a tool to help persons with cerebral palsy, traumatic brain injury, visual 
and hearing impairment, or Down Syndrome.  However, the scope of Qualisys testing for the 
updated device is limited to healthy volunteers.  
Other limitations are present in the motion capture process and the analysis of the data.  
One such constraint is that the cam faces were obscured from the motion capture cameras’ lines 
of sight during data collection; therefore, they could not be marked to accurately reflect the 
cams’ rotational velocities.  Rather, the rate at which the cams turned was inferred by the length 
of time between the occurrences of maximal throws, as measured by the cam’s corresponding rib 
marker.  Another concern was that subjects’ hips or legs occasionally blocked markers during 
data collection.  While this was avoided when possible, parts of datasets were inconclusive for 
the rise and fall at a cam due to insufficient visible data.  Consequently, the Matlab script method 
used to determine the magnitude for each throw was relatively inefficient, as it required by-hands 
identification of initial conditions.  This limitation could have introduced additional variability to 
the results.   
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Another limitation to this study is an absence of quantitative analysis for the performance 
of the original simulator and the revised simulator in use.  The qualitative anecdotal evidence as 
well as eye-witness accounts indicate success; however, there are few concrete metrics to 
compare the latest device with its predecessor quantitatively.     
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9 CONCLUSIONS 
 
The work recorded the design, construction, and viability validation for a modular 
hippotherapy simulator with settings to mimic multiple sized horses with different walking 
speeds.  The device succeeded in all testing efforts in terms of consistent ride outputs in throw 
height and speed.  Overall, the device accrued 18 operating hours of experimental use with no 
mechanical failures.   
Proper functionality was attained with all of the modular settings.  This ability to change 
speeds and throw height will give therapists and researchers extensive flexibility for the device’s 
therapeutic output.  Each of the settings was successfully tested using healthy volunteers from 
135-305 pounds.  The device transferred hip motion to all of the riders without causing rider 
discomfort or affecting the mechanical integrity of the simulator.   
Importantly, the device and its predecessors have been shown over periods of 4-5 months 
to provide physical and emotional therapeutic benefits to people with a variety of conditions, 
including cerebral palsy, deaf and blindness, traumatic brain injury, Down syndrome, and 
autism.  Using this device has been shown to increase flexibility in the legs, tone in core muscles, 
and transition to further success in hippotherapy with real horses.  Each of the riders indicated 
that there was a relaxing effect to the rhythmic motion each experienced riding the simulator.   
With the mechanical efficacy, therapeutic benefit, and reliability demonstrated in this 
study, the device is capable of use for further studies and therapeutic applications.   
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10 FUTURE WORK 
 
Following this work, the modular hippotherapy simulator will be delivered to a 
therapeutic horse farm to be used in the therapeutic setting with clients.  A data recording plan 
has been coordinated with the therapeutic horse farm to establish the tracking of quantitative 
metrics that show individuals’ progress when using the simulator.  These metrics include degree 
of muscle relaxation as shown by knee flexion/extension and torso strength increase by range of 
angles along the rider’s spine during the ride.  This information will help establish further 
background information on the efficacy of the horse simulator device as a therapeutic instrument 
in the future.   
A related venture to this design is studying the benefits of experimental balance therapy 
of side-to-side, wave motion using the suspended rib structure in this design without a motor.  It 
is posited that advanced hippotherapy students could use this as a challenge mechanism to 
increase mobility of their hips while strengthening the core.  A frame structure with the backbone 
and rib structure is delivered to begin experimental use with the modular hippotherapy simulator 
describe in this work.   
An additional option with this simulator would be to correlate hippotherapy with the 
benefits of music therapy.  This correlation would be possible due to the device’s tunable speed 
settings with the VFD.  The VFD can be set to match the rate of the cams turning to a song’s 
rhythm. The VFD output (between 0-60 Hz on the dial) for the simulator can be correlated to 
specific songs based on the beats per minute of the song, with the high point of a cam’s rotation 
corresponding to a beat on the simulator.  The therapist could time the rise and fall of the cams 
167 
 
 
with a student’s favorite song or type of music and use the rhythm to provide coordination and 
appeasement benefits to the rider.   
Finally, the long-term performance of the simulator will be critical to study as the 
simulator is used in the coming years.  Determining long-term durability for the components in 
the device will be important to ensure safety and efficacy for riders.    
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APPENDIX A:  Budget 
Repairs and Improvements--Intermediate Simulator 
Tractor 
Supply 
ROD 1/2 x 36" Cold Roll 3584663 6.99 1 6.99 
PB Shaft Collar 1/2 x 1 x 7/16" 1045520 2.29 5 11.45 
Thumb Screw 1/4-20 x 1-1/2" 3285950 1.29 2 2.58 
Reg Ext U Nut 1/4-20 1045545 0.79 4 3.16 
    Tax 1.69 
    Order Total 25.87 
      
Lowe's  
1/2" x 8 ' Aluminum channel for 
plywood  55980 8.98 1 8.98 
1/4-IN-20 U Threaded Spd 139396 1.04 1 1.04 
8 count #10-24x0.75 in SS Mchi 409452 1.98 1 1.98 
Clamping Knob Female 423502 2.54 4 10.16 
12 Count #10 24 SS SAE HE 336624 1.98 1 1.98 
1/4-20x3 Hex tap blt B21 214115 1.12 2 2.24 
PC 3/4-IN Forstner Bit 91195 9.97 1 9.97 
1.5 DW corner Bracket 66938 3.12 4 12.48 
Extruded U Nut Long 19241 0.98 1 0.98 
    Tax 2.95 
    Order Total  52.76 
      
Lowe's  
Plated Steel Flat, 14 GA, 1-3/8"-6 
Foot 69813 9.68 1 9.68 
Steel Angle, 1-1/4" x 1-1/4" --6 Foot 
(12 GA) 215646 19.97 5 99.85 
Black Iron 3/4" x 60"  22512 14.99 1 14.99 
Steel 1-1/4" flat x 3 feet 14 GA 103639 14.98 2 29.96 
Weld Angle 1/8"x 1-1/4", 3 foot 44170 6.88 2 13.76 
    Tax 11.78 
    Order Total 180.02 
      
Menard's  
5" Tool Box Caster with Brake 2175340 19.98 4 79.92 
Plated Perforated Tube 1-1/4"--6 
Foot 
2279305 26.98 1 26.98 
   Tax 7.48 
   Order Total 114.38 
      
    Total Cost 373.03 
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Construction--Modular Simulator 
Store Part 
Part 
Number 
Unit 
Price 
Number 
of Parts Price 
Green Valley 
Wood Products 
Osage Orange Block 4"x4"x11" n/a 12.00 1 12.00 
Purple Heart Block 4" x 4" x 11" n/a 15.00 1 15.00 
    Tax 1.89 
 
   
Order 
Total 28.89 
      
Menard's 
Plated Steel Flat 1-3/8"-6Foot 2278885 9.68 1 9.68 
Plated Steel Flat 1-3/8"-4Foot 2278872 6.48 1 6.48 
Metalcut Reciprocating Saw 
blade 6" 18T  2521624 1.78 2 3.56 
Plated Perforated Angle steel 1-
1/4" - 6Foot 2289236 19.97 1 19.97 
    Tax 2.78 
 
   
Order 
Total 42.47 
      
Tractor Supply 
G2 Bulk Selling Bolts/Washers 
Etc 3599993 2.19 4 8.76 
G5 Bulk Selling Bolts/Washers 
etc 3555559 3.69 2.15 7.93 
G2 Bulk Selling Bolts/Washers 
Etc 3599993 2.19 2.15 4.71 
    Tax 1.50 
 
   
Order 
Total 22.90 
      
Rural King Bolts, Nuts, Washers Grd 2 519766 1.44 0.56 0.81 
    Tax 0.06 
 
   
Order 
Total 0.87 
      
Surplus Center 60:1 RA GEAR REDUCER 0.6 
HP IEC 71B14 LEESON            13-1464                39.95 1 39.95 
  Tax 0.00 1 0.00 
  Shipping  16.60 1 16.60 
    Total 56.55 
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Menards 
25 Pack 3/4" x 1-3/4" Hose 
Clamps 6790618 19.99 1 19.99 
Steel Tape 16' Leverlock 2372630 3.99 1 3.99 
25 Pack 1/2" x 1-1/16" Hose 
Clamps 6790612 18.99 1 18.99 
4" Swivel Rubber Caster 2176072 10.99 4 43.96 
5/8" ID x 10' Vinyl Tubing 6840329 7.44 1 7.44 
  Tax 6.61 1 6.61 
    Total 100.98 
      
Tractor Supply 
TL9 25 Ft tape measure 1006391 3.99 1 3.99 
PB Shaft Collar 1045520 2.29 3 6.87 
Chain Link Connector #40 Chain 1151040 2.99 1 2.99 
Roller Chain #40 10 Feet 1150044 19.99 1 19.99 
Rod 1/2 Round cold rolled 3505716 8.99 1 8.99 
  Tax 3.00 1 3.00 
    Total 45.83 
      
Tractor Supply 
Electric Motor Farm Duty 1/2 hp 3241126 
189.9
9 1 189.99 
     0.00 
  Tax  13.30 1 13.30 
    Total 203.29 
      
Metal 
Supermarkets 
Hot Rolled Steel Sheet 0.188" 
Thick, 6" x 12" HSH188 10.06 1 10.06 
Hot Rolled Steel Sheet 0.188" 
Thick, 6" x 6" HSH188 5.04 1 5.04 
  Tax 1.06 1 1.06 
    Total 16.16 
      
Tractor Supply Stock 3/4" x 48" Round Tube 
(Shaft) 3505889 12.99 1 12.99 
      
  Tax  0.91 1 0.91 
    Total 13.90 
      
McMaster-Carr 
Multipurpose O1 Tool Steel, Tight-
Tolerance Rod, 14MM Diameter, 3' 
Long 88625K74 13.05 1 13.05 
  Tax 0.00  0.00 
  Shipping 10.61 1 10.61 
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    Total 23.66 
      
McMaster-Carr 
Iron Flexible Shaft Coupling, Hub for 
14MM Diameter Shaft, 2-5/32" Overall 
LG 6408K14 9.90 1 9.90 
Flexible Shaft Coupling, Hub for 5/8" 
Diameter Shaft, 2-5/32" Overall LG, Iron 6408K14 9.90 1 9.90 
Urethane Spider, for 2-7/64" OD 
Flexible Shaft Coupling 2410K13 12.67 1 12.67 
  Tax 0.00  0.00 
  Shipping 10.61 1 10.61 
    Total 43.08 
      
Surplus Center 
40X22B 40 PITCH 22 TOOTH 
SPROCKET                       1-1979-22              4.60 4 18.40 
0.75 SOLID SHAFT COLLAR                                 1-2766-75           1.65 8 13.20 
22T 1-1/8 BORE 40P 
SPROCKET                             
1-2123-22-
F            8.00 4 32.00 
1-1/8" PILLOW BLOCK 
BEARING                             1-206-18-P             10.95 2 21.90 
3/4" PILLOW BLOCK 
BEARING                               
1-204-12-P-
S           5.95 4 23.80 
1-1/8" x 36" KEYED 
SHAFTING                             
1-2982-112-
3           32.95 1 32.95 
  Tax 0.00  0.00 
  Shipping 22.20 1 22.20 
    Total  164.45 
      
Menards 
3/8" NM Connector 3651003 1.49 1 1.49 
Machine Key 3/16 x 3/16 x 1-
1/2" 2016160 0.59 2 1.18 
Machine Key 1/4 x 1/3 x 1-1/2" 2016186 0.79 1 0.79 
14-3 6' Power Supply Cord 3702765 4.99 1 4.99 
  Tax 0.59 1 0.59 
    Total 9.04 
      
Rural King 
Link offset Tru-Pitch 4 pack #40 
Chain  66442110 1.99 1 1.99 
D.I.D #40 Connecting Link 66440040 2.49 2 4.98 
  Tax 0.49 1 0.49 
    Total 7.46 
      
Tractor Supply G8 Galv and Cotterpin Bulk Sell 3568887 4.59 0.9 4.13 
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G2 Bulk Selling Bolts 3599993 2.19 4.05 8.87 
Rubber Washers 5/16" x 3/4" x 
1/16" 3284776 0.79 2 1.58 
Bronze Flange Bearing 3/4" x 
7/8" x 1-1/8" x 3/4" 3284776 3.99 2 7.98 
  Tax 1.58 1 1.58 
    Total 24.14 
      
Menards 
4-3/4" Screen Door Pull Handle 2252762 1.39 4 5.56 
2"x4" - 8' Board 1021017 2.84 1 2.84 
1/2" x 10' ENT Conduit 3654602 2.93 1 2.93 
12-3 15' Romex Cable 3691745 15.97 1 15.97 
  Tax 1.91 1 1.91 
    Total 29.21 
      
Menards 
3/4" x 3/4" Flange Bearing 2028197 3.49 3 10.47 
3/4" x 1" x 1" Flange Bearing 2028195 3.49 8 27.92 
Plated Perforated Tube 1-1/4", 6 
foot 2279305 26.98 1 26.98 
  Tax 4.58 1 4.58 
    Total 69.95 
      
Automation Direct 
GS1-10P2 GS1 0.25 HP AC 
DRIVE 120V 1 PH INPUT 3 PH 
OUT           99.00 1 99.00 
Y500 AC MOTOR 0.25HP 
1800RPM 56C 230V 3-PH 
ROLL-STEEL MICROMAX           
148.0
0 1 148.00 
  Tax 0.00 1 0.00 
    Total 247.00 
      
Amazon.com Emergency Push Button  6.73 1 6.73 
  Tax 0.00 0 0.00 
    Total 6.73 
      
Menards 
3/8 - 16 Hex Nut 65 piece 2324917 2.99 1 2.99 
3 Wire In wall splice kit 3647021 6.99 1 6.99 
Machine screw 4mm-0.70x25 
mm  20198822 0.29 2 0.58 
wing nut 4mm metric 2029882 0.49 2 0.98 
#8 Flat Washer 75 piece 2323981 0.99 1 0.99 
Blue Disc Set 16-14 AWG 3641238 2.39 2 4.78 
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Rubber Washer 5/16 x 3/4 x 1/1 2017538 0.49 2 0.98 
Compression Spring 1/2 x 1-
9/16" 2026977 0.99 2 1.98 
Blue Female Disc 16-14 AWG 3641232 1.99 1 1.99 
3/8" x 4-1/2" hex bolt 3 piece 2326592 3.99 1 3.99 
  Tax 1.84 1 1.84 
    Total 28.09 
      
Walmart 
10' Extension Cord 5473282047 6.97 1 6.97 
5 pack electrical tape 4318018156 2.97 1 2.97 
  Tax 0.70 1 0.70 
    Total 10.64 
      
Rural King 
D.I.D #40 Roller Chain 10 ft 66440030 19.99 1 19.99 
WD-40 12 oz can (smart straw) 7990249 4.99 1 4.99 
  Tax 1.75 1 1.75 
    Total 26.73 
      
Rural King 
Rod Smooth Cold Rolled 1/4" x 
36" 3943591 1.91 1 1.91 
Washer Rubber 5/16 x 3/4 x 1/16 5117781 0.39 2 0.78 
Adapter male 3/4" electrical 1530100 0.59 1 0.59 
Grade 8 Bolts (3/8 and 5/16) 518026 3.59 1 3.59 
  Tax 0.48 1 0.48 
    Total 7.35 
      
Menard's  
Compression Spring 1/2 x 1-
9/16" 2026977 0.99 1 0.99 
10 pack 3/4" -1 3/4" hose clamps 6790617 7.99 1 7.99 
2 x 6 board 92-5/8" long  1021046 4.09 1 4.09 
  Tax 0.91 1 0.91 
    Total 13.98 
      
      
Menard's 
1/2" x 4' x 4' Plywood panel 1251285 19.59 1 19.59 
1/4" - 2' x 4' plywood panel 1251243 7.99 1 7.99 
Hinge pin door stop 4 pack 4318256 7.49 1 7.49 
1-1/2" x 5/8'' brace zinc 2250120 0.39 4 1.56 
Aluminum trim channel for 1/2" 
plywood 2279965 6.98 1 6.98 
Slater 1G 22.5" box 3615696 0.54 1 0.54 
Handy box cover 1/2"  3611361 0.85 1 0.85 
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3" PVC Cap 6891983 3.81 2 7.62 
10-24 x 1/2" rh stove bolt 2338592 0.82 1 0.82 
4" x 5' cell core pvc pipe 6898588 9.37 1 9.37 
  Tax 4.40 1 4.40 
    Total 67.21 
      
Tractor Supply Co G2 Bulk Selling sku 3599993 2.19 2.3 5.04 
  Tax 0.35 1 0.35 
    Total  5.39 
      
Lowe's 
Hm Clamping knob f female 423502 2.54 4 10.16 
1/4 - 28 ss nylon insert lock nut 155302 3.74 2 7.48 
HM 3 count 1/4 in -28 ss stl h 
(nuts) 78225 1.53 2 3.06 
SW 1-1/4" x 3' 16 gage plated 
steel angle 216155 7.55 1 7.55 
GH 5-1/2 inch zinc utility handle 308981 3.28 4 13.12 
  Tax 2.90 1 2.90 
    Total 44.27 
      
Menard's  5" Tool Box Caster w/ Brake 9011M 19.98 4 79.92 
  Processing 1.40 1 1.40 
  Tax 5.69 1 5.69 
    Total 87.01 
      
 
   
Total 
Cost 1,447.23 
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Motorless Hippotherapy Simulator 
Menard's  
1/2" ID x 10' Vinyl Tubing 6840280 4.99 1 4.99 
3/4" x 1 x 3/4" Flange Bearing 2028197 3.49 5 17.45 
1/2" x 7/8" Rotary File 2422615 3.98 1 3.98 
5/8" x 1-3/8" Rotary Rasp 2422623 3.97 1 3.97 
3/4" ID X 10' Vinyl Tubing 6840620 12.59 1 12.59 
Plated Sltd Flat 1-3/8", 3 foot 2278869 4.17 1 4.17 
Plated Sltd Flat 1-3/8", 4 foot 2278872 6.48 1 6.48 
Plated Perforated Tube 1-1/4", 6 foot 2279305 26.98 1 26.98 
Plated Perforated Angle 1-1/4", 6 
foot 2289236 19.97 3 59.91 
3/4" x 60" Black Nipple 6861091 10.71 1 10.71 
  Tax 10.59 1 10.59 
    Total 161.82 
Donated Oak Ribs      
    
Total 
Cost 161.82 
  
179 
 
 
APPENDIX B:  Test Protocols 
Motion Capture Path Testing 
Goal:  Determine the motion path of the hippotherapy simulator in terms of position and velocity 
for multiple settings.   
Literature Benchmark:  
Materials:  
Qualisys Camera System (4 cameras) 
Reflective Markers 
Double sided tape applicators 
Horse Simulator 
 
Procedure:   
1. Calibrate the collection area to accommodate the full range of the simulator’s motion 
(most important is the area from top of the metal box structure and higher).   
2. Power the simulator for a period of 10 minutes 
3. Capture data for 20 seconds every two minutes that the simulator is on   
 
Marker placement:   
One at the tip of each of the ribs from the side 
One at the top of each of the ribs 
One between each of those  
 (5 a rib?  Or…3 a rib is probably sufficient) 
How markers are attached: 
Double sided tap  
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General Unloaded Test 
Goal:  The goal of this test is to ensure that the device components perform in a safe manner 
without a rider, in order to catch any potential maintenance or design problems before human use 
occurs.  Passing this test is a preliminary indicator of the simulator’s ability for use with riders.   
Materials:   
- Timer 
- Simulator without the cover blanket 
- VFD controller 
- Optional:  Any specific parameter that needs to be tested in an unloaded state, for 
example, speed or throw height  
Procedure:   
1. Perform an initial check on the device as it would be tested prior to use with clients 
a. Ensure all set screws are tight and that there is no unwanted lateral movement 
in the sprockets 
b. Clear all obstructions from device 
2. Supply power to the VFD by plugging it into the wall power with the potentiometer 
dial turned to the OFF position 
3. Ensure that the toggle is set to “stop”.  This is apparent if the topmost light on the 
display is off 
4. Turn the potentiometer clockwise until it is at the maximum position 
5. Press RUN 
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6. Allow the simulator to run with the rib structure atop it for 10 minutes and record 
any observations 
7. Turn the potentiometer to 0 and press “stop” to stop the device’s motion.  Once it is 
still, power to the device can be disconnected 
8. Repeat test as necessary for preliminary validation procedures for components 
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Unloaded Speed Test 
Goal:  The goal of this test is to ensure that the speed adjustability through the VFD functions 
properly without a rider, in order to catch any potential maintenance or design problems before 
human use occurs.   
Materials:   
- Timer 
- Simulator without cover blanket 
- VFD controller 
Procedure:   
1. Perform an initial check on the device as it would be tested prior to use with clients 
a. Ensure all set screws are tight and that there is no unwanted lateral movement 
in the sprockets 
b. Clear all obstructions from device 
2. Supply power to the VFD by plugging it into the wall power with the potentiometer 
dial turned to the OFF position 
3. Ensure that the toggle is set to “stop”.  This is apparent if the topmost light on the 
display is off 
4. Turn the potentiometer clockwise until it is at the maximum position 
5. Press RUN 
6. Depending on the trial, turn the potentiometer counterclockwise until it reaches the 
appropriate frequency setting from the table below 
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Trial 
Frequency 
Setting 
1 60 Hz  
2 45 Hz 
3 30 Hz 
 
7. Allow the simulator to run with the rib structure atop it for 10 minutes and record any 
observations 
8. Turn the potentiometer to 0 and press “stop” to stop the device’s motion 
9. Repeat test starting at step 4 with a new speed setting.  Continue until all desired 
speeds have been tested 
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Unloaded Varying Camshaft Test 
Goal:  The goal of this test is to ensure that no obvious adverse effects are seen when camshafts 
are switched on the simulator.  This is accomplished without a rider, in order to catch any 
potential maintenance or design problems before human use occurs.   
Materials:   
- Timer 
- Simulator without cover blanket 
- VFD controller 
- Additional camshafts 
Procedure:   
1. Perform an initial check on the device as it would be tested prior to use with clients 
a. Ensure all set screws are tight and that there is no unwanted lateral movement 
in the sprockets 
b. Clear all obstructions from device 
2. Supply power to the VFD by plugging it into the wall power with the potentiometer 
dial turned to the OFF position 
3. Ensure that the toggle is set to “stop”.  This is apparent if the topmost light on the 
display is off 
4. Turn the potentiometer clockwise until it is at the maximum position 
5. Press RUN 
6. Allow the simulator to run with the rib structure atop it for 10 minutes and record any 
observations 
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7. Turn the potentiometer to 0 and press “stop” to stop the device’s motion 
8. For additional trials, remove the existing camshaft and install another using the 
intended installation methodology.  Repeat test starting at step 4 with the new 
camshaft.  Continue until all desired shafts have been tested 
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APPENDIX C:  Informed Consent Form 
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APPENDIX D:  Calibration Outputs 
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APPENDIX E:  Control Charts 
Unloaded Tests 
75% Cams 
Right Hip-High 
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Right Shoulder – High 
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Left Hip – Med 
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Loaded Tests 
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Left Hip – High 
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Subject 2 Control Charts 
75% Cams 
Left Hip – High 
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Left Hip – Medium 
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APPENDIX F: Supplemental Matlab Code 
% Melissa Montgomery 
% Differences Version 
% October 11, 2014 
  
% Clean up variables 
clear all 
close all 
  
% Call the function to edit the array 
sheet = 3; 
  
distance1 = xlsread('Standard Cam Testing Set 06Nov.xlsx',sheet); 
  
% % %Change values to positive 
absDistR1 = abs(distance1(:,3)); 
absDistR2 = abs(distance1(:,6)); 
absDistR3 = abs(distance1(:,9)); 
  
maxValues = []; 
minValues = []; 
dataset = absDistR3; 
  
% For maxima 
interval = 650:1450; 
  
%For minima 
interval2 = 225:1025; 
i = 1;  
for i = 1:(length(dataset)/820) 
   if interval(1)>length(dataset)|interval(end)>length(dataset) 
       break 
   end 
   if interval(end)<=length(dataset) 
        [maxValueNew,index] = max(dataset(interval)); 
        index = index + interval(1); 
        maxValues = [maxValues;[maxValueNew,index]]; 
        interval = interval + 820;  
   end 
     
end 
  
interval = 650:1450; 
index = 1; 
for i = 1:(length(dataset)/820) 
   if interval(1)>length(dataset)|interval(end)>length(dataset) 
       break 
   end 
   if interval(end)<=length(dataset) 
        [minValueNew,index] = min(dataset(interval2)); 
        index = index + interval2(1); 
        minValues = [minValues;[minValueNew,index]]; 
        interval = interval + 820;  
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        interval2 = interval2 + 820;  
   end 
     
end 
  
difference = maxValues - minValues; 
% % Sampling Algorithm 
r = 1; 
sampleDiffVals = []; 
sampleDoffColum = []; 
sampleDiffColColum = []; 
  
for n = 1:floor(length(distance1)/6000) 
    for p = 1:length(difference) 
        if logical(difference(p,2) < (n*6000))==1 && 
logical(difference(p,2)... 
                > ((n-1)*6000))==1 
            diffSection(r,:) = difference(p,:); 
            r = r + 1; 
                      
        end 
    end 
     
    sampleDiffColNew = datasample(diffSection,4,'Replace',false);  
    sampleDiffVals = horzcat(sampleDiffVals, sampleDiffColNew);  
    sampleDiffColColum = [sampleDiffColColum; sampleDiffColNew]; 
    r = 1; 
end 
  
  
  
 
 
% Melissa Montgomery 
% Differences Version with Dividers for Loaded Testing 
% December 11, 2014 
  
% Clean up variables 
clear all 
close all 
  
% Call the function to edit the array 
sheet = 6; 
  
distance1 = xlsread('Loaded Tests Data All Speeds.xlsx',sheet); 
  
d1 = 12000*(3.5); 
d2 = 2*12000*3.5; 
  
targCol = [3 6]; 
[setHigh, setMed, setLow] = LoadedTestsDivider(distance1,d1,d2,targCol); 
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setSpeed = abs(setLow); 
div = 820; 
  
maxValues = []; 
minValues = []; 
col = 2 
  
minRange = 325:1125; 
maxRange = 625:1425; 
  
  
dataset = setSpeed(:,col); 
  
% For maxima 
interval = maxRange; 
  
%For minima 
interval2 = minRange; 
i = 1;  
for i = 1:(length(dataset)/div) 
   if interval(1)>length(dataset)|interval(end)>length(dataset) 
       break 
   end 
   if interval(end)<=length(dataset) 
        [maxValueNew,index] = max(dataset(interval)); 
        index = index + interval(1); 
        maxValues = [maxValues;[maxValueNew,index]]; 
        interval = interval + div;  
   end 
     
end 
  
interval = maxRange; 
index = 1; 
for i = 1:(length(dataset)/div) 
   if interval(1)>length(dataset)|interval(end)>length(dataset) 
       break 
   end 
   if interval(end)<=length(dataset) 
        [minValueNew,index] = min(dataset(interval2)); 
        index = index + interval2(1); 
        minValues = [minValues;[minValueNew,index]]; 
        interval = interval + div;  
        interval2 = interval2 + div;  
   end 
     
end 
  
difference = maxValues - minValues; 
% % Sampling Algorithm 
r = 1; 
sampleDiffVals = []; 
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sampleDiffColum = []; 
sampleDiffColColum = []; 
  
for n = 1:floor(length(dataset)/6000) 
    for p = 1:length(difference) 
        if logical(difference(p,2) < (n*6000))==1 && 
logical(difference(p,2)... 
                > ((n-1)*6000))==1 
            diffSection(r,:) = difference(p,:); 
            r = r + 1; 
                      
        end 
    end 
     
    sampleDiffColNew = datasample(diffSection,4,'Replace',false);  
    sampleDiffVals = horzcat(sampleDiffVals, sampleDiffColNew);  
    sampleDiffColColum = [sampleDiffColColum; sampleDiffColNew]; 
    r = 1; 
end 
  
  
  
% Melissa Montgomery 
% Dividing Loaded Datasets 
% December 11, 2014 
  
function [setHigh, setMed, setLow] = LoadedTestsDivider(dist1,d1,d2,targCol) 
% dist1 = dataset to be divided in column form 
% d1 = first dividing line 
% d2 = second dividing line 
% targCol = target columns for analysis from the original dataset 
  
% Divide the dataset into three pieces (that show the proper rate 
% information) 
  
setHigh = dist1(1:d1,targCol); 
  
setMed = dist1(d1:d2,targCol); 
  
setLow = dist1(d2:end,targCol); 
  
  
  
  
  
end 
 
 
